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Vibration Studies 
of the Point 


3Y THE OFFICE OF RESEARCH 


Introduction 


OLLOWING the failure of the eyebar 

chain suspension bridge over the Ohio 
River at Point Pleasant, W. Va., in December 
967, with a loss of 46 lives, a study of the 
lynamic stress amplification and vibration 
‘esponses of a similar eyebar chain suspension 
widge that carries Alternate U.S. Route 50 
Wer the Ohio River at St. Marys, W. Va., 
was undertaken (see illustration at beginning 
of article). 

The St. Marys Bridge, located 90 miles 
Ipstream from the site of the Point Pleasant 
3ridge, is part of the West Virginia State 
dighway System. A full-scale model is thus 
ailable for a variety of tests that may shed 
idditional light on the cause cf the Point 
leasant Bridge failure if any unusual 
dehavior is observed. 

With the concurrence of the West Virginia 
State Road Commission, the Federal Highway 
Administration’s Structures and Applied 
Mechanics Division promptly initiated a 
“esearch program to instrument the bridge 


" 


BLIC ROADS ® Vol. 36, No. 8 





Bridge at St. Marys, W. Va. 





Relating to the Failure 
Pleasant Bridge 


Reported by ROBERT F. VARNEY, 
Leader, Bridge Structures Group, 
and JOHN G. VINER, Leader, 
Protective Systems Group, 
Structures and Applied 

Mechanics Division 


An investigation to determine the possible causes of the bridge failure was 
begun after a bridge across the Ohio River at Point Pleasant, W. Va., collapsed 
suddenly in December 1967 and claimed the lives of 46 persons. The research 
described in this article, representing one phase of the investigation, consists 
of a study of the dynamic stress amplifications and vibration responses of the 
bridge at St. Marys, W. Va., which also spans the Ohio River and is almost 
identical to the Point Pleasant Bridge. This study, conducted jointly by the 
Federal Highway Administration and the West Virginia State Roads Commis- 
sion, was a practical attempt to gain further insight into the Point Pleasant 


disaster. 


and conduct a study of the static and dynamic 
responses to various live loadings. This group 
and the West Virginia State Road Commission 
cooperated in the endeavor. The latter orga- 
nization provided on-site logistic support for 
conduct of the experimental study by the 
Federal Highway Administration. 

The dual objectives of the test program 
were (1) to determine frequencies, mode 


shapes, and damping associated with the 
natural vibrations of the structure, and (2) 
to measure static and dynamic strains and 
displacements developed at critical points in 
the structure under the passage of a heavy 
vehicle. A judicious selection was made of 
locations to be gaged consistent with the 
available instrumentation and the expenditure 
of time and funds deemed appropriate for 
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such a research effort. Many of the 35 gage 
points selected were suggested by failure 
points noted in the Point Pleasant Bridge 
wreckage. 

It was proposed to verify the calculated 
natural frequencies and mode shapes by 
exciting the bridge with a harmonic force 
while the bridge was entirely free of vehicular 
traffic. Calculations of the theoretical natural 
mode shapes and frequencies indicated that 
the first four vertical modes would be within 
the range of frequencies available from the 
vibration generators. Low-frequency resonant 
vibrations in a suspension bridge may indicate 
susceptibility to undesirable aerodynamic 
excitation. 

The Federal Highway Administration bridge 
research test vehicle (fig. 1) was used to 
provide a 44,300-pound, 3-axle moving load 
for obtaining the live-load response of the 
bridge under a typical heavy truck. 


Description of The St. Marys Bridge 


The description and history of the Point 


Pleasant Bridge have already been well 
documented as a result of its disastrous 


failure (1).1 The St. Marys Bridge super- 
structure was designed and built concurrently 
with the Point Pleasant Bridge about 40 
years ago and is essentially identical except 
for minor differences in the approaches 
dictated by the difference in the sites. The 
St. Marys Bridge consists of a 2-lane, 27-foot 
truss-stiffened roadway suspended from two 
parallel steel eyebar chains spaced at 30-foot, 
6-inch centers. The eyebar chains are anchored 
at each bank of the Ohio River and pass over 
two intermediate pier towers. The center 
span is 700 feet long and the two anchor 
spans are each 380 feet long. Short approach 
spans connect to the bridge at each end. Each 
eyebar chain consists of closely spaced parel- 
lel pairs of eyebars linked together and to 
adjacent pairs in the chain by a common 
connecting pin joining four eyebars at each 
joint. The eyebars vary in length from 25 
to 55 feet and vary in thickness in proportion 
to design loading, averaging about 2 inches. 
The shank between eyes is 12 inches wide. 
The bridge design live loading consists of a 
uniform load of 1,400 pounds per linear foot 
of roadway and 42,000-pound concentrated 
load. 


The suspension chains form the upper 
chords of the stiffening trusses in those panels 
where the chain and the truss upper chord are 
contiguous in both the end spans and center 
span. The stiffening truss members otherwise 
consist of steel built-up sections. Where the 
stiffening truss and the eyebar chain are not 
contiguous, vertical steel hangers connect 
the trusses to the eyebar chains at each panel 
point. Each chain passes over vertical end 
posts at each end of the structure. These 
end posts deflect the chains downward to the 
anchorages. 'The existing bridge roadway is 


ey 


‘Italic numbers in parentheses identify the references 
listed on p. 166. 
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Figure 1.—Bridge research test vehicle. 


a replacement of the original floor system 
and is composed of a network of stringers 
and floor beams supporting a 3-inch-deep 
concrete-filled steel grid deck. 


Instrumentation 


The dynamic responses were monitored by 
strain gages, deflectometers, and vertical 
and horizontal accelerometers. Strain gages 
on the vertical faces of upper chord members 
in the center span were oriented along the 
longitudinal axis of each member. These 
gages were located midway between truss 
panel points at approximately the l4-, %-, 
1o-, @-, and 34-points of the center span and 
served as the primary indicators of mode 
shape in the center span. Gages at the %%-, 
t6-, and 5-points were located on eyebars 
and the remaining two on truss channel 
webs. 

The deflectometers used for this study each 
consisted of a metal cantilever beam with 
gages mounted near one end that was rigidly 
attached to the structure. The free end was 
then deflected more than the expected live- 
load deflection and held in this position by a 
fine steel cable anchored in the ground be- 
neath the bridge. The live-load deflection of 
the structure decreased the intial deflection, 
and the resultant change in strain registered 
at the fixed end of the gage could be trans- 
lated to displacement through a factor es- 
tablished by previous laboratory calibrations. 
Vertical deflectometers were located near 
midspan of each of the end spans. 


Only four accelerometers were available for 
the field study. Two +0.25 g horizontal 
accelerometers were attached to lower chord 
members of the downstream truss near mid- 
span of the center span and of the Ohio end 
span. Two +1.0 g¢ vertical accelerometers 
were moved from point to poimt in the center 
span and the Ohio end span during different 


ty 

phases of the testing to determine mc 

shapes of the response. 

All the transducers described were of © 

variable resistance type and were wired s 
Wheatstone Bridge circuits with exter) 

bridge completion resistors provided wl 

necessary. Four-conductor grounded-shi 

cable in lengths up to 1,200 feet was used, 
connect the transducers to the signal ey 
ditioning equipment in the Federal Highy. 
Administration research instrument v 
which was located beneath the Ohio end sp, 
Signal conditioning, amplification, bric¢ 
balancing, calibration, and attenuation for | 
transducer circuits were provided by inst 
mentation in the van. A direct-read osei) 
graph utilizing light-beam galvanomet 
was used to monitor resonances and to rec 
the amplified transducer response signi 


Bridge Excitation and 


Loading Methods 


The first objective of the test progri 
called for a harmonic forced vibration inph 
Inertial force generators were not feasible jt 
this purpose because of the low natua 
frequencies required. A method or provid 
an adequate low frequency harmonic ene) 
input to the bridge with precise fequery 
control had to be devised. The calculatiis 
made in the process of devising such a vik} 
tion generator are given in (2). It was deci¢ 
to use a direct cyclic pull on the underside 
the Ohio end span of the bridge, which 1s 
over dry ground. Two alternative devi? 
were provided for exerting the cyclic 1 
frequency pull on the underside of the bricp 
In one, the drive axle torque of the brisé 
research test vehicle was exploited to obt 
a pulsating cyclic force at frequencies as it 
as 20 cycles per minute. The vehicle 1s 
positioned beneath the midspan section of 
end span, the left side of the drive ee 








June 1971 © PUBLIC RO [ 








: 
4 
4 


Figure 2.—Drive-axle vibration generator. 


cked up and the wheels removed. A steel 
dure, designed to translate the rotating 
otion of the truck drive axle into a variable 
to 14-inch double amplitude vertical stroke 
rough a link and pin assembly, was then 
tached to the hub of the drive axle (fig. 2). 
The reciprocating vertical force thus gen- 
ated by the rotation of the drive axle was 
en transmitted to the bridge in the following 
nnection sequence: First, through a 22-turn 
yp of *4-inch diameter shock cord to provide 
isticity in the connection; then through a 
inch manila triple tackle to permit releasing 
e connection; finally, through a %-inch rope 
nected to an eye bolt bracket clamped to 
bottom flange of the bridge floor beam at 
load point. This system was capable of 
plying over 6,000 pounds of static pull vn 
2 bridge through the reaction of the vehicle. 
te resultant amplitude of bridge motion was 
culated to be a small fraction of the 
ailable vertical stroke for this level of 
jut foree even assuming the stretch in the 
re rope and in the triple tackle assembly 
be small. The shock cord loop was designed 
approximately 75-percent elongation. The 
mber of turns in the loop necessary to 
nsmit the maximum force was calculated 
m the known elasticity of the shock cord. 
An alternate method of forced vibration 
‘eration consisted of a power takeoff from 
iortable pump with a 4-inch double ampli- 
le reciprocating stroke. The pump was 
ted rigidly to the trailer bed (fig. 3) of the 
t vehicle and was driven by a 7.5-horse- 
ver gasoline engine. The frequency avail- 
¢ from this device under load ranged from 
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40 to 80 cycles per minute. The pump offered 
better frequency control but less force output 
than the vehicle drive axle takeoff. The con- 
nection from the pump reciprocating arm to 
the bridge was the same as for the vehicle 
drive axle takeoff, except that the loop of 
shock cord was eliminated. 

Both methods of forced vibration were also 
employed in attempts to generate torsional 
modes of vibration in the bridge by moving 
the connection on the underside of the bridge 
to the lower chord of the truss on the down- 
stream side of the roadway. Pure torsional 
modes could not be excited since the normal 
modes predominated even with eccentric 
loading. On both vibration generators, a 
strain gage was installed on the reciprocating 
link to help identify the resonant frequencies. 

The second objective of the test program 
called for heavy vehicle passages across the 
bridge in the absence of other traffic. The 
Federal Highway Administration bridge re- 
search test vehicle was also utilized for this 
part of the program and was loaded with 
ageregate to provide a 17,800-pound load on 
both the driver and the trailer axles. The load 
on the front axle was 8,700 pounds, making a 
total vehicle weight of 44,300 pounds. The 
vehicle traversed the bridge in each direction 
along each normal traffic lane at speeds of 5 
and 15 m.p.h. Due to the steep ascending 
grades on the bridge (6.8 percent) and the 
sharp turns and intersecting roads at the ends 
of the bridge, the sustained maximum speed 
attainable with the load being carried was 
slightly more than 15 m.p.h. A two-way radio 
permitted communication between the instru- 
ment van and the test vehicle. 


Results 


Natural mode shapes, natural frequencies, 
and associated damping values were deter- 
mined from the free vibration of the bridge 
immediately after shutting off the vibration 
generator and slacking the connection to the 
bridge. As a slight tension remained in the 
attached cable after stopping the generator, 
the residual vibrations were not perfectly 
free. Figure 4 summarizes the vibration mode 
shapes observed during the vibration gen- 
erator tests. 

The first symmetric mode was obtained in 
test run 1 (fig. 4), using the drive axle takeoff 
of the truck as excitation. The frequency of 
vibration was 33.5 cycles per minute. The 
double amplitudes of vibration at the begin- 
ning of the free vibration portion of the record 
measured at the loading point in the end 
span were about 0.4 inch. The strain gages on 
the top chord members of the center span were 
all in compression at the same instant in 
time that the deflection each end 
span showed upward movement, indicating 
that the bridge was in the fundamental 
vertical symmetrical mode. 


gages in 


Logarithmic decrements of damping were 
determined from the relative amplitudes 
between the first cycle of the free-vibration 
record and the nth cycle, where n was taken 
as large as without introducing 
measurement difficulties because 
off-resonance components in the 


possible 
of various 
response. 


For this test run, 12 cycles were used and the 
logarithmic decrement, 6, was 0.10. Values 








Figure 3.—Pump-drive vibration generator. 
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MODE 


Figure 4.—Natural modes, frequencies, and logarithmic decrements obtained from 


calculated for other runs ranged from 0.04 to 
0.10, indicating a lightly damped structure. 

As there were no vertical accelerometers in 
the center span during test run 1, the center 
span deflection was estimated from the strain 
measured in an upper chord member, assuming 
that the center span deflection in the first 
mode is a half-sine wave, the relation between 
the bending moment in this span and the 
deflection of the span is: 


P 
T- a Ut 
M=->, Elyo sin Te 

where: yp=mazium deflection 


L=span length 


The midspan moment may be computed from 
the strain in the member, and from this 
the midspan deflection is determined. Using 
this procedure, the maximum deflection 
amplitude of the center span was 0.4 that of 
the center span. 

The strain gage on the reciprocating link 
of the truck drive takeoff indicated that a 
maximum force (double amplitude) of about 
6,500 pounds was applied to the bridge 
during this run. 

Antisymmetrie responses of the bridge with 
frequencies between 54.8 and 57.0 cycles per 
minute were next obtained in runs 2 through 
6 (fig. 4). In run 2, the displacement at the 
'4-point of the center span was derived from 
the response of a vertical accelerometer and 
was checked with the strain measured in an 
upper chord member by the same method used 
to estimate the center span deflection in the 
fundamental mode, except L in this test 
equalled one-half the span length. Reasonable 
agreement was obtained and the maximum 
end-span deflection was about 0.5 that of the 
center-span displacement. 
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FREQUENCY 
(CPM) 


18:55 AM. 


10:58 A.M. 
405 PLM. 
11:55 A.M, 

2:49 P.M. 


8:50 A.M. 


8:35AM. 
12;05 RM. 
B:40AM. 
1:30AM. 


vibration generator tests. 


In runs 2, 3, 4, and 5, there appeared to be 
a tendency for the natural frequency to 
decrease and the logarithmic decrement to 
increase in the afternoon runs as compared 
with the morning runs. This could have been 
a temperature effect. 

A second symmetric mode with natural 
frequencies between 73.0 and 74.2 cycles per 
minute was obtained in runs 7, 8, 9, and 10. 
Logarithmic decrements of around 0.04 were 
observed in the three runs in which the pump 
motor provided the excitation. Run 8, in 
which the drive axle of the truck provided the 
excitation, indicated a logarithmic decrement 
of 0.06. 

A series of records was made during forced 
vibration at a frequeney of 72.8 cycles per 
minute while a vertical accelerometer was 


LOGARITHMIC. _ 
‘DECREMENT . 


placed successively at each center-span pa 
point between midspan and the Ohio toy 
The resultant responses have been normali) 
to the relative response of the deflection gy 
in the end span and are shown in figure’ 

When an attempt was made to ext 
torsional modes in the bridge with the tr 
driver takeoff, a single amplitude motion 
about 0.06 inch in the end span was obser) 
at frequencies of 47.7 and 49.0 cycles . 
minute on the two deflection gages on oppo 
sides of the bridge. In addition, the d: 
indicated the presence of a beat frequencya 
around 4 cycles per minute. An attempt 
excite torsional vibration with the pump di 
resulted in a 46.7-cyele-per-minute respons¢ 
the bridge with heavy beating. Ver) 


accelerometers at the M-point in the “i 











_@ = MEASURED RESPONSES _ 







Figure 5.—Relative displacements obtained from vibration generation at 72.8 cycles 
minute. 
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Figure 6.—Summary of computed frequencies and mode shapes. 


yan indicated the torsional response at that 
dint to be out of phase with the torsional 
sponse of the midpoint of the Ohio end span. 
ther than these responses, no significant 
rsional bridge motions were noted. 


Discussion of Results 


The vertical mode frequencies and wave 
mms of the St. Marys Bridge, shown in 
jure 6, were computed (3)? and used to 
leulate the response of the structure for 1.0 
). excitation at the various resonant fre- 
lencies (2, 4), assuming a _ logarithmic 
ecrement 0.15. Results are given in table 1. 
nese calculations were made for three 
2quencies as follows: Excitation at the precise 
sonant bridge frequency; excitation at 
ther 95 or 105 percent of the resonant 
‘quency; and excitation at either 90 or 110 
reent of resonance (table 1). 




































‘The mode shapes and frequencies of the 
rtical vibrations obesrved during the vibra- 
m generator tests are presented in figure 4. 


The calculated value of the first symmetrical 
tural frequency of 30.5 cycles per minute is 
Teasonably good agreement with the 
perimentally determined value of 33.5 
des per minute. Similarly, good agreement 
tween the calculated and observed mode 
ape was obtained. The ratio of the cal- 
lated value of the natural frequency 
the first asymmetric mode of 48.3 cycles per 
nute to the natural frequencies determined 
Tuns 2, 3, 4, 5, and 6 (fig. 4) is about the same 
‘the ratio of calculated to experimentally 
termined values of the fundamental sym- 
rtric natural frequency. The calculated first 
mmetric mode shape differed significantly 
m that observed, however. The mode shape 
tained from run 6 was rather like that of the 





Mode shapes and natural frequencies were computed by 
rge S. Vincent, using the numerical method described in 
rence (3). 
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second calculated asymmetric mode. Inasmuch 
as no other asymmetric modes were obtained 
from the test program, it is conceivable that 
the mode of run 6 and that of runs 2, 3, 4, and 
5 may be two separate natural modes of the 
structure. 

The ratio of the calculated second symmetric 
natural frequency of 69.0 cycles per minute to 
the measured values obtained in runs 7, 8, 9, 
and 10 fits into the pattern of the similar 
ratios in the fundamental symmetric and 
asymmetric modes. The calculated and 
measured mode shapes are in good agree- 
ment. 

If the combined effects of (1) the difference 
between the resonant frequency of the bridge 
and the frequency of excitation, (2) the drift 
in the excitation frequency, and (3) the non- 
harmonic components of the forcing function 
are assumed to make the bridge behave as an 
equivalent viscous damped ideal single degree 
of freedom system with a sinusoidal forcing 
function operating at 95 percent of the 
fundamental resonant frequency, then the 
measured 6,300-pound input force corre- 
sponds to a 0.155-horsepower input. The value 
of the deflection of the end span (assumed as 
simply supported) under a concentrated load 
at midspan of 1,000 pounds was calculated to 
be 0.022 inch (2, 4). Using this and the 


theoretical fundamental natural frequency = 
30.5 cycles per minute and assuming 6=0.15, 
the maximum end span displacement would 
be: 


[0.155 
y= (0.4) (1.1) p= 0-173 inch 


(single amplitude) 


Using the experimentally determined values 
of natural frequency = 33.5 eycles per minute, 
deflection of end span under a concentrated 
load of 1,000 pounds at midspan (extrapolated 
from truck crawl run data)=0.0155 inch, 
and 6=0.10, then, 


0155 (30.5\°" [45 

= 0.173)? (8) /28 

y (PV 022 Gas V -10 
(single amplitude) 





=0(0.160 inch 


In this particular case the differences be- 
tween the assumed values and experimentally 
determined values tend to somewhat offset 
one another. 

The measured end-span displacement at 
33.5 cycles per minute was 0.18-inch single 
amplitude, indicating very good agreement 
between predicted and measured displacement 
for the fundamental mode. 

Although the static and dynamie responses 
of the bridge to the moving test vehicle are 
the subject of a separate report, it may be 
pointed out here that the mean live-load 
stress levels determined at various points 
throughout the bridge during the vehicle pas- 
sage were not excessive. Vibrations induced by 
the vehicle passage were generally of higher 
frequency than induced by the vibration 
generators and represented individual struc- 
tural member vibrations in various axial and 
normal modes. 


Summary of Results 


The first two symmetric normal modes of 
vibration were identified in the test program. 
The mode shapes and frequencies were in 
good agreement with calculated values. 

Possible existence of two separate asym- 
metric vertical modes, very close to one 
another in frequency, at around 56 cycles per 
minute was indicated. This observed fre- 
quency was in reasonable agreement with the 
calculated frequency of the first asymmetric 
mode. Neither experimentally determined vi- 
bration pattern was in good agreement with 


Table 1.—Resonant vibration single amplitude responses for 1.0 hp. delivered input 


(5=0. 


Perfect frequency control 
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+5% Frequency | +10% Frequency 
control, maximum | control, maximum 





Maximum 
displacement 
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Maximum 
acceleration 





inches 
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the calculated first asymmetric mode shape; 
however, the second experimentally deter- 
mined asymmetric mode shape was in reason- 
able agreement with the calculated second 
asymmetric mode shape. 

Logarithmie decrements of damping deter- 
mined for each experimentally determined 
mode of vibration indicated that the bridge 
was a lightly damped structure. 

The calculations of bridge response for given 
levels of input force from the vibration gen- 
erator were more than adequate for the 
purpose of choosing appropriate vibration 
generation equipment and motion sensing 
instrumentation. 
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New Publications 


The Federal Highway Administration has 
recently published two documents. These 
publications may be purchased from the 
Superintendent of Documents, U.S. Govern- 
ment Printing Office, Washington, D.C. 
20402, prepaid. The following paragraphs 
give a brief description of each publication 
and its purchase price. 


Manual of Instructions for Construc- 
tion of Roads and Bridges on 
Federal Highway Projects 


Manual of Instructions for Construction of 
Roads and Bridges on Federal Highway 
Projects, 1970 ($3.25 a copy), provides in- 
formation and guidance for employees of the 
Federal Highway Administration in the ad- 
ministration of construction contracts under 
the Standard Specifications for Construction 
of Roads and Bridges on Federal Highway 
Projects, FP-69. Procedures to be followed 
are described and exhibits are shown to es- 
tablish national uniformity in the day-to-day 
contacts between Government engineering 
forces and contractors’ personnel. 


PUBLIC ROADS. 


Dr. Cleven feels that reader interest is essential in planning 
a more effective publication. Perhaps you need how-to-do-it 
information, or would like to iearn what others are doing. Per- 
haps you would like to read brief accounts of the latest research 


results, like those on page 175 of this issue. 


Whatever your preference, write and tell us about it. And if 
you like the journal in its present form, we would appreciate 


hearing about that too. 


Please direct your comments to the Managing Editor, PUB- 
LIC ROADS Magazine, Federal Highway Administration, U.S. 
Department of Transportation, Washington, D.C. 20591. 
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Transportation Planning Data 
Urbanized Areas 


Transportation Planning Data for Urbaniz 
Areas, 1970 ($9.25 a copy), is a 664-pa) 
document in which urbanized area dz 
tabulations present summarized informati| 
on a small area basis. The data is based on tp 
1960 Census and is organized by urbaniz| 
area as defined by the Bureau of the Cens) 
The areas are subdivided into Standal 
Location Areas (SLA’s) with each SI 
identified by a more familiar designation! 
census tract, ward, ete.—for ease in locatiy 
it within the urbanized area. 


Data tabulations are presented in a fo) 
which should be useful to transportati) 
planners and others concerned with ub 
development. The categories selected ¢ 
presentation have proved to be useful yai- 
sticks for measuring travel in urban are, 
For example, both the population and {e 
number of households have a direct beariz 
on total trip making activity within the stuy 
area. Likewise, both median income al 
auto ownership can be readily translated ito 
trip making activity at the household lev. 
The data tabulations can therefore be usi 
by urban transportation planners as a bi2 
from which growth can be measured. Wi — 
similar information from the 1970 Census, 
other independent sources, trends can e 
identified and rates of can 
established. 


change 





The Correlation Coefficient 


BY TREBOEFICENOE RESEARCH 


in Analysis of Engineering Data— 


a 





Its Significance and Limitations 





How useful is the correlation coefficient as an effective measuring technique 
to determine the association between two variables? Apparently it is not as re- 
liable as some researchers may believe and, in fact, some caution should be 
exercised in using it as a precise indication of the quality of a relationship be- 
tween engineering measurements. Indeed, the author has compiled considerable 
evidence opposing the use of correlation coefficient as a true means of comparing 
such measurements. He is aware that it is simple to compute and gives a single 
statistic whose magnitude does not depend on units of variables being com- 
pared. But this very simplicity makes the correlation coefficient too popular 
with many researchers, and this probably leads to its overuse and evidently its 
misuse. 

In exposing the fallacy of depending on a correlation coefficient for meaning - 
ful comparisons between measurements, the author begins by showing some 
basic limitations of the correlation coefficient. Then, by a review of the litera- 
ture, he documents cases where the correlation coefficient has been misused to 
the extent of being useless or misleading. Frequently, as explained, regression 
analysis is the proper measuring technique to use. While it involves more compu- 
tation, it still provides more information about relationships between variables. 





rQN\HE correlation coefficient is often used as 
[ a measure of association between two vari- 
ables. It is also frequently misused by those 
who disregard its limitations. The correlation 
coefficient is simple to compute; and the idea 
of having a single statistic, the magnitude of 
which does not depend on units of variables 
being compared, is attractive to many 
' researchers. 

There are, however, several reasons for 
avoiding the use of the correlation coefficient. 


1 This article contains essentially the same material that 
Was reported in Materials, Research and Standards, May 1971, 
published by the American Society for Testing and Materials. 
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First, it is frequently used when it is not 
applicable as a measure of association. In 
engineering and science, researchers are usu- 
ally interested in the response of one variable 
to changes in one or more other controllable 
variables. Second, purposes served by the cor- 
relation coefficient can usually be served as 
well or better by a regression analysis, which 
involves little more computation and provides 
more information about relationships between 
variables. Third, conclusions based on the cor- 
relation coefficient can be very misleading. 
Significant correlation coefficients often are due 
to circumstances that are not the result of 


direct association or cause-and-effect relations 


Reported by ' HOWARD T. ARNI 
Highway Research Engineer 
Materials Division 


betwe the two variables under study. Fi- 
nally, ie correlation coefficient is based on a 
numb: of assumptions about the data, which, 
if not et, can render the calculated correla- 
tion ©» fficient useless and misleading. 


In ‘ieir book Engineering Statistics, (1)? 


Bowk« and Lieberman state, “In engineering 
applic. ‘ions, the correlation coefficient does 
not ply a very important role.” In fact, text- 
books on statistics that devote much space to 
the co relation coefficient almost without ex- 
ceptio!. devote considerable space to discus- 
sions ©! this statistic’s limitations and of the 


pitfalls connected with its use and interpreta- 
tion, ~hapter 5 of National Bureau of Stand- 
ards ‘NBS) Handbook 91, Experimental 
Statistics (2) contains a good discussion of the 
field of linear relations between two variables, 
but docs not stress the correlation coefficient, r. 
When «queried about this, the author of the 
handbook replied as follows: 

“We deliberately gave (the correlation 
coefficient) small emphasis for various reasons. 
In the first place, the correlation coefficient 
has often been calculated and reported when 
the actual nature of the relationship was such 
that the correlation coefficient was completely 
inappropriate. Chapter 5 in NBS Handbook 
91 describes a number of linear models for 
two-variable relationships, and in only one of 
them is the correlation coefficient appropriate 
(this is the so-called SI case, the case of 
unrestricted sampling from a bivariate normal 





2Ttalic numbers in parentheses identify the references 
listed on page 174. 
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STATE LEGAL MAXIMUM DIMENSIONS AND WEIGHTS 0 


Prepared by the American A 
Dece 


































































































































































































































































































ne —— 
Length-feet? Number of towed units? Axle load-pounds thoperating 
Single unit a cr Tandem tire Pounds per 
Truck th ee Pies inflation| engine net 
? Width | Height Cane Other A Full HRW Nelwaing nclvaing | pressure | horsepower | 
Line yp inches! ft.-in. ee sth combi- sae ont and Statutory statutory Statutory statutory pounds delivered 
Truck Bus posi nation full iiait enforce- limit enforce- Oi te cluten 
a males trailer ment ment = 
trailer | vipers sq. in. or | 
IL tolerance #1 oler ce | equivalent 
[aoe as 7 | “i “ie re if | 
1 | Alabama %6 13-6 40 40 NS 55 NP. ] NP NP 18,000 19,800 36,000 39,600 NS NS | 
2 | Alaska 96 13-6 | 40 40 | 7NR 60 65 1 1 2 ape eatin ae As 
3 | Arizona 96 13-6 40 40 ™NS 65 65 ] ] 2 Boon aoe ne ne } 
4 | Arkansos 96 | 136 | 40 40 | _ NS 55 65 NR NR ni 32,000 NS NS | 
5 | California 96 913-6 40 40 | 7140 60 65 NR NR NR 18,000 1 
— —— —— — 
6 Colorcdes ACG 736 | 35 40 NR a2 65 | 2265 ] 2 2 18,000 [32.000 NS NS 
7 | Connecticut 102 13-6 55 55 NR 55 NP 1 NP NP 122,400 22,848 see 36,720 as be | 
8 | Delaware 96 13-6 40 42 40 55 65 ] ] NP *20,000 36, S 
9 | Florida 96 13-6 | '440 40 NS 55 55 ] ] NP 20,000 22,000 40,000 44,000 NS NS | 
|e ee ee eae AF 
10 | Georgia %6 13-6 55 55 NR Sh) 55 NR NR NR 18,000 20,340 Ss 
11 | Hawaii 108 13-6 40 40 NR 55 65 1 1 2 99241000 vobe! 
12 | Idaho 1006 14-0 | 835 “OSS NR 1960 6465 ] ] na? 5918: 000 32,000 
13 | Illinois 96 13-6 42 42 42 55 2460 My ] ] at 2 18,000 32,000 
i - R 55 65 ] ] 2 18,000 19,000 32,000 33,000 
5 eae 36 6 35 «40 NR GE 21055 ] j 2 18,000 18,540 32,000 32,960 
73 Kanes 96 13-6 | 42'6"" | 42'6"'| NS 55 65 ] ] 2 18,000 32,000 
7 Kearecty 96) |2713-6 7735 ar35 NR 355) e265) ] ] 2 18,000 18,900 32,000 33,600 
earn +#—— “| ——t <a l ages —— +— - ~— 
18 | Louisiane 96 13-6 35 °40 NR 60 65 ] ] BNE 18,000 eee 
19 | Maine 28102 | 3113-6 55 5B) NR 55 55 ] ] Satz 22,000 $236,000 
20 | Maryland 1096 13-6 55 55 NR 55 8°65 NR a oh eins Te 
£40 NR 55 NP } ; ; | 
21 | Massachusetts %6 13-6 35 4 a | : fle fen 
ichi : u 100 +832,000 
22 | Mich %6 13-6 40 40 NR 55 2265 ] ] 2 18,0 ; 
23 Mieeeroty %6 13-6 40 40 oo7.{0) 55 55 ] ] NP 18,000 32,000 Ee 
24 | Mississippi 96 13-6 35 40 NR 55 58) ] ] NP 18,000 28,650 32,000 
25 | Missouri 96 13-6 40 40 NR 55 4165 NR NR NR 18,000 32,000 NS NS 
+— ——————— —t eo 
26 | Montana 1096 13-6 35 40 NR 60 60 ] ] 2 18,000 32,000 NS NS 
27 | Nebraska 96 13-6 40 40 7NR 60 65 ] ] 2 20,000 34,000 NS NS 
28 | Nevada %6 NR 40 40 NR 70 70 NR NR NR 18,000 18,900 32,000 33,600 NS NS 
29 | New Hampshire 96 13-6 35 40 NR 55 55 ] 1 NP 22,400 36,000 NS NS 
30 | New Jersey %6 13-6 35 RNS 740 55 55 ] ] NP 22,400 23,520 32,000 33,600 NS } 
31 | New Mexico a596 13-6 40 40 NR 65 65 ] ] 2 21,600 34,320 NS 
32 | New York 1096 13-6 35 40 NR 55 55 ] ] NP 22,400 36,000 NS 
33 | North Carolina 96 13-6 35 °40 NR 55 55 IL ] ] NP ma 18,000 19,000 al 36,000 38,000 
k 1006 13-6 °40 640 NR 2460 7460 ] ] 2 18,000 32,000 NS 
35 one. oa %6 13-6 40 °40 NR 55 65 ] NR NR 19,000 19,570 “432 000 32,960 NS } 
36 | Oklahoma %6 13-6 40 45 NR 55 65 ] 1 2 18,000 32,000 NS } 
7 | Oregon CPs | POETRELS) 35 2240 2240 2150 e275 ] ] a2) +°20,000 4634 000 NS 
38 | Pennsylvonia 96 13-6 35 40 40 55 3455 ] 1 NP mal 22,400 23,072 36,000 37,080 32450 
39 | Rhode Island 102 13-6 40 40 40 55 55 ) ] NP 22,400 * NS NS i 
40 | South Carolina % 13-6 °40 £40 NR 55 2355 ] ] NP 20,000 532,000 NS NS | 
41 | South Dakota 96 13-6 35 40 NR 65 65 ] ] 2 18,000 32,000 | NS iz NS 
—— = (aaa 6 — 
Tennessee 13-6 40 NS 55 5 ] aay) NP 18,000 32,000 NS NS i 
Texas 13-6 40 40 NR 65 65 NR NR NR 18,000 32,000 NS NS 
44 | Utah 96 14-0 45 45 45 60 60 NR NR NR 18,000 33,000 NS NS 
45 | Vermont 96 13-6 50 50 NS 5S 55 ] ] NP 22,400 23,520 + 736,000 NS NS | 
eh 4 iL s 
46 | Virginia 96 13-6 35 "lls 40 NS 55 55 ] ] NP 18,000 5832 000 NS i NS a 
47 | Washington 96 13-6 35 40 40 1960 65 ] ] 2 18,000 32,000 NS NS i 
West Virginia 96 |7712-6 35 °40 35 50 50 ] ] NP 18,000 18,900 32,000 33,600 NS NS i 
Wisconsin 13-6 40 ] ] NP 18,000 | °°19,500 30,400 32,000 NS NS | 
Wyoming 3-6 ] ] 2 18,000 32,000 | °?36,000 NS NS ly 
District ef Columbia 2-6 ] 1 NP 22,000 38,000 NS NS if 
Puerto Rico 3-6 40 =| NS 50 50 ] i NP NS NS NS NS 5 
AASHO Policy - 1946 40 50 60 | ] | ] NP 18,000 32,000 NS NS if 
Higher 170 | 49 24 8 10 21 22 . | a 
Number of States Same 48 2 21 39 3 4 of 39 33 ze { 
Lower 0 0 0 3 0 24 3 | 
are gore meres ei aC Bi a | 
AASHO Policy- 1968} 102 13-6 40 40 40 55 65 ] ] 2 20,000 32,000 95 400 
4 ——}— 1 Tie 
Higher eT SE) 10 42 16 2 8 10 10 14 2 = : i 
Number of States4 Same 47 22 39 7 33 44 39 19 6 28 
Lower On eed 230 32 2 |B 
NP—Not permitted, NR—Not restricted. NS—Not specified. 





































Various exceptions for farm and construction equipment; public utility vehicles; house trailers; urban, suburban, and school 
buses; haulage of agricultural and forest products; at wheels of vehicles for safety accessories, on designated highways, and as 
administratively authorized. 

4Various exceptions for utility vehicles and loads, house trailers, mobile homes and urban, suburban and school buses. 

3When not specified, limited to number possible in practical combinations within permitted length limits; various exceptions 
for farm tractors, mobile homes, etc. 

“Legally specified or established by administrative regulation, 

“Computed under the following conditions to permit comparison on a uniform basis between States with different types of 
regulation: 

A. Front axle load of 8,000 pounds. 
B. Maximum practical wheelbase within applicable length limits: 

(1) Minimum front overhang of 3 feet; minimum spacing from first to second axle of truck tractor 8 feet. 

(2) In the case of a 4-axle truck-tractor semitrailer, rear overhang computed as necessary to distribute the 
maximum possible uniform load on the maximum permitted length of semitrailer to the single drive-axle of the tractor and to the 
tandem axles of the semi-trailer, within the permitted load limits of each. 

(3) In the case of a combination having 5 or more axles, minimum possible combined front and rear overhang 
assumed to be 5 feet, with maximum practical load on maximum permitted length of semitrailer, subject to control of loading on axle 
groups on total wheelbase as applicable. 

Cc Including statutory enforcement tolerance as applicable, 

Less than three axles 35 feet. 

TTrailer 35 feet in New Jersey, 40’ in Nebraska, Alaska and Arizona, 

8Steering axle 12,000 pounds. 

"Load on vehicle may exceed 13’ 6” but not exceed 14’ 0”. 

! Buses 102 inches on certain highways as administratively authorized. 

!10n class AA, or designated highways, 12 ft 6 in. on other highways. 

12Qn Interstate system only. 79,900 Ibs. on Primary and secondary highways. 

!3Not yet specified in any state law. 

'4Two-axle truck 35 feet; three-axle truck 40 feet. 

1SFormula W=500 (LN/N minus 1 plus 12N plus 36 where W=Gross Weight L=Wheelbase in feet and N=Number of Axles. The 
formula provides for maximum gross weight allowed on any vehicle or combination. 

1$73,280 pounds maximum, except on roads under Rural Roads Authority 56,000 pounds maximum. 

!7800 (L plus 40) where L is distance between first and last axle of vehicle except that 700 (L plus 40) governs for any group of 
11 of more consecutive axle whose L is 13 feet or less: Alternate Load Determination by table for vehicles of 3, 4 or 5 axles for L 
between 19 feet and 51 feet provided single axle load limited to 18000 pounds or less: 900 (L plus 40) on highways which have no 
structures with span of 20 feet or over. 
180On designated highways 40 feet. 
1? Auto transports on designated highways 65 feet in Idaho, 70 feet in Washington if equipped as specified. 





Special limits for vehicles hauling timber and i r 
including livestock; single axle 18,900 pounds, tandem at! 32, 
66,000 pounds maximum at 21-foot axle spacing, vehicle:th « 
spacing. |i 
2160 ft. in special cases: Indiana, trucks pulling hie t 
trailers on designated major routes. | 0 
220n designated highways only. a 
230n designated highways; 16,000 pounds on other hw: 
24Truck tractor semitrailer drawing one trailer or 4 
highway or any other highway designated by the Departme 
250On designated highways only. Auto and boat tra}o 
rear of vehicle. Auto or boat transporter exceeding 60° may 
26 Auto and boat transports and three-unit combinat sp 
270n state maintained highways; on other highways | 51 
28On Interstate System only maximum width 96 inc}? 
29On state maintained highways; 30 feet on other hi va" 
39On four lane highways only. | 
3' Including load 14 feet; various exceptions for vehis 
32But not less than 30 net brake horsepower. 
33 Auto transports 13 feet 6 inches; other vehicles 1¢ 
34Exception for poles, pilings, structural units, rowi 
35Less than 48-inch spacing, 36,000 pounds. 
3©Subject to axle and tabular limits. 
37Single axle spaced less than 9 feet from nearest ax) 
38On designated highways only and limited to one hd 
does not exceed 73,250 pounds; 2 tandem axle assemblies ¢ 
3%Drive away, towaway operations as defined by tt5 
exceed 3 units in contact with the surface of the highway. 
49On Interstate System 47,500 pounds. 
41 Auto transports permitted 60 feet. Double bott) 
therefrom and other designated routes. 
420r as prescribed by P.U.C. 
430n designated highways 102 inches. Body ‘eet 











4432,000 pounds if over 4 feet but less than 8 feet ¢ 
feet. | 


4598’ combinations required 1 net bhp per 400 Ibs. 


4©On Interstate System logging vehicles limited to? 
18,000 pound single axle and 32,000 pound tandem axle. 
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T a | 
| Gross weight limit Specified maximum gross weight-pounds* | Practical maximum gross weight-pounds® | 
Applicable to: Truck lo Truck-tractor semitrailer Truck Truck-tractor semitrailer } 
SS SS SSS a aa (aaa Se lieecair ail 
Other Other oo 
Type i any f ae \ | Ryd combi- Bel combi- 
restriction Ae ° whee iota 2-axle 3-axle 3-axle 4-axle -axle mere -axle pte 
oxles only | 
22 i + te { 1 a 
‘le X 73,280 27,800 47,600 47,600 67,400 73,280 NP ) 
ile-tire cap. x 40,000 54,000 60,000 74,000 88,000 100,000 28,000 42,000 48,000 62,000 76,000 90,000 2 
Hes Under 18' Over 18’ 26,000 40,000 44,000 58,000 | ’*72,000 76,800 3 
4s, maximum 30,000 44,000 48,000 62,000 73,280 73,280 26,000 40,000 44,000 58,000 72,000 73,280 4 
A Ye Under 18’ Over 18’ | | 26,000 40,000 44,000 58,000 72,000 76,806 5 
| nula-spec. lim. x 30,000 40,000 26,000 44,000 44,000 62,000 76,000 76,000 6 
‘>, lim.-tire cap. 32,000 53,800 53,800 67,400 73,000 NP 30,848 44,720 53,800 67,400 73,000 NP 7 
‘Je-spec. lim. 30,000 48,000 28,000 44,000 48,000 64,000 73,280 73,280 8 
ile x 30,000 52,000 52,000 73,27) 73,271 73,27 9 
eS SS eee | ———+ s& 
|B, max.?® 73,280 73,280 28,340 48,680 48,680 69,110 73,280 73,280 10 
| mula’? 32,000 40,000 56,000 64,000 72,000 80,000 ny 
1920 x 26,000 40,000 44,000 58,000 73,280 76,800 12 
1 :, lim.-tire cop. 36,000 4°50,000 | 3°64,000 | *°73,280 |*°73,280 26,000 40,000 44,000 58,000 72,000 73,280 1 
= ee | nae === 
:. lim.-tire cap. 36,000 54,000 72,000 27,000 41,000 44,000 58,000 | 7573,000 | 2573,000 14 
} 26,540 40,960 45,080 59,500 73,280 73,280 15 
X 3©36 000 354,000 | *°72,000 |3°73,280 |3°73,280 26,000 40,000 44,000 58,000 72,000 73,280 16 
{:, lim.-tire cap. 30,000 44,000 62,000 73,280 26,900 41,600 42,000 59,640 73,280 73,280 17 














a 
26,000 40,000 44,000 58,000 72,000 76,000 
30,000 44,000 51,800 66,000 73,280 73,280 





» lim.-tire cap. 
‘le-tire cap. 


5 co 


32,000 46,000 51,800 66,300 73,280 73,280 











































































































Ble x 3655 000 | 365,000 | *°73,280 |3°73,280 30,400 48,000 52,800 65,000 73,280 73,280 2¢ 
*Je-spec. lim. Xx *©46,000 | 3°60,000 3667 200 | *°73,000 | #°73,000 NP 30,400 44,000 52,800 66,400 73,000 NP 21 
: lim.-tire cap. 73,280 26,000 40,000 44,000 58,000 72,000 138,000 22 
‘le x 73,280 73,280 26,000 40,000 44,000 58,000 72,000 73,280 23 
‘le-tire cap. x 26,000 2240 000 44,000 58,000 2272 000 2273280 24 
‘le x | 26,000 40,000 44,000 58,000 2272,000 2273 ,280 25 
+ +— + Sy SSS a SS SS Se 
> \e-formula'® Under 18’ Over 18° 40,000 | 60,000 60,000 | 80,000 | 85,500 |'° 105,500 26,000 40,000 44,000 58,000 73,280 76,800 2¢ 
ile X 40,000 60,000 60,000 80,000 85,500 95,000 28,000 42,000 48,000 62,000 77,500 80,500 2 
‘le Under 18' Over 18' 26,900 41,600 45,800 60,500 75,200 76,800 28 
* e-spec. lim. X 33,400 | *°55,000 52,800 66,400 | 73,280 73,280 30,400 | 44,000 i 52,800 66,400 73,280 73,280 29 
: lim.-tire cap. 31,520 41,600 55,040 65,120 73,280 73,280 
te Under 18' Over 18° 29,600 42,320 51,200 63,920 76,640 86,400 
la X 71,000 71,000 30,400 44,000 52,800 66,400 71,000 71,000 
«lim. fea | 31,500 49,875 49,875 67,200 | 73,280 | 73,280 27,000 46,000 | 46,000 65,000 73,280 73,280 Ie 33 
|oula Under 18° Over 18’ 26,000 40,000 44,000 58,000 72,000 73,280 34 
fwlas? x 27,570 40,960 46,000 58,500 71,000 78,000 a5 
je X ®718 000 | °732,000 ®736,000 | °750,000 |°764,000 73,280 26,000 40,000 42,000 _ 60,000 _ 73,280 73,280 36 
eur 18° or Under Over 18° | +776,000 |'776,000 © 928 000 ©942,000 ©9348 000 ©3962 000 | ©976,000 +776,000 IIL 3 
de the + + _ 
Sim. ° 44,000 56,000 50,000 60,000 73,280 73,280 31,072 45,080 51,500 61,800 73,280 73,280 38 
«lim. 5036,000 | °'44,000 5253800 | $367,400 73,280 88,000 30,400 44,000 53,800 67,400 73,280 88,000 <i 
. lim. 35,000 46,000 50,000 65,000 73,280 73,280 28,000 40,000 48,000 60,000 72,000 73,280 4C 
e X IL 26,000 40,000 44,000 58,000 72,000 73,280 4) 
Ta 45 ~~ 
«lim. | x 30,000 44,000 48 000 62,000 73,280 26,000 40,000 44,000 58,000 72,000 43,500 42 
e xX 26,000 40,000 44,000 58,000 72,000 72,000 43 
e x 36,000 51,000 54,000 69,000 79,900 79,900 26,000 41,000 44,000 59,000 74,000 79,900 44 
e-tire cap. X 73,280 73,280 31,520 44,000 55,000 66,400 73,280 73,280 45 
cist ee ca a 
e x 36,000 50,000 54,000 68,000 70,000 70,000 26,000 40,000 44,000 60,000 70,000 70,000 46 
e Under 18° Over 18' 28,000 36,000 46,000 60,000 68,000 72,000 26,000 36,000 44,000 60,000 68,000 72,000 47 
je x 36,000 54,000 54,000 | **70,000 70,000 70,000 26,900 41,600 45,800 60,500 73,280 73,280 48 
eo! x i 27,500 40,000 47,000 59,500 73,000 73,000 49 
Fe x 26,000 44,000 44,000 62,000 73,950 273,950 50 
e-tire cap. x 70,000 70,000 30,000 46,000 §2,000 68,000 70,000 70,000 51 
. lim.-tire cop. | UP 
le X ] 26,000 40,000 44,000 55,470 61,490 71,900 
— == SS eS ee 
29 29 26 51 51 45 
22 21 24 0 0 0 
0 ] ] 0 0 6 
=F ——<—<$—$= i = + ——- SSS eS aS a a 
e x 28,000 40,000 48,000 60,000 72,000 86,500 
IE + a a=! le oe 
ula 5 15 30 15 25 26 3 
e 33 18 2] 5 20 5 4 20 0 
lim. 14 | 31 | 31 22 5 48 
*§P icts, ores, concentrates, aggregates, and agricultural products 47 Governs gross weight permitted on highways designated by resolution of State highway commission, 
appl ounds, gross weight table; vehicle with 3 or 4 axles permitted 48 Does not apply if overall length of truck-tractor plus semitrailer does not exceed 50 feet. 
Pore axles permitted 79,000 pounds maximum at 43-foot axle 3°Single unit truck with 4-axle permitted 68,000 pounds. 
5°Axles spaced less than 6 feet 32,000 pounds; less than 12 feet 36,000 pounds; 12 feet or more gross weight governed by axle 
wf and sectionalized buildings only; Oregon, truck tractor semi- limit. 
5! Single vehicle with 3 or more axles spaced less than 16 feet 40,000 pounds; less than 20 feet 44,000 pounds; 20 feet or more 
governed by axle limit. 
ay: 52 Tractor semitrailer with 3 or more axles spaced less than 22 feet 46,000 pounds; not less than 27 feet 53,800 pounds, 
f-steered semitrailer or auto transport 65 feet. (on any 4 lane 53 egal limit 67,400 pounds, axle spacing 27 feet or more. 
“on highways designated by Commissioner in North Dakota) 54House trailers, auto transports, and double saddle mounts in daylight hours, 60 feet. 
{mitted 65’ plus an additional 3’ for load beyond the front or 55On Interstate System; 36,000 pounds on other roads. 
On designated routes only. 5®Limited to 3,500 pounds. 
0 od 60 feet. 5? Three axle truck 55,000 pounds with no restriction on tandem. On Interstate 22,400 pounds single, 36,000 pounds tandem, 
|) 4; trucks 26.5 feet and buses 30 feet long. S8Vehicles registered before July 1, 1956, permitted limits in effect January 1, 1956, for life of vehicle. 
) axle load 32,000 pounds, 5938000 plus 900 L but not greater than 78,000 where L is the distance in feet from front to rear axle. 
| 6°Axle load 21,000 pounds on 2-axle trucks transporting milk and dairy supplies from farm to market but not over Interstate 
System. 21,500 pounds on single axle, 35,000 pounds for groups of axles less than 7 feet apart, and for groups of 3 or more 
“®! orest products and construction materials. consecutive axles more than 9 feet apart, 4000 pounds more than in Table for vehicles transporting peeled or unpeeled forest products 
cut crosswise. 
) 5 on designated routes. ®10n Class A highways. All axles of a vehicle or combination—73,000 pounds maximum. Wheel, axle, axle group and gross 
\B! permitted 70 feet. vehicle weights on Class B Highways are 60% of weights including tolerance authorized for Class A highways. 
62Based on ruling of Attorney General. 
©3 Axle load 21,700 pounds on 3-axle trucks. Total not to exceed 65,000 pounds. Does not apply on any Interstate Route or 
Bo |3,000 pounds, Turnpike. 
“®) in combination; otherwise 26,000 pounds. When gross weight ©4Except three or four unit combinations may use up to 98 feet on certain highways designated by the Board of Highway 
(i tted 16,000 pounds per axle. Directors. Combination must include on semitrailer. 
2. may include a combination of saddlemount vehciles not to ©560 feet for specially designed transports for motor vehicles, 65 feet for other combinations on designated highways by 
permit. 
©©45 feet for trailers or semi-trailers constructred especially to haul livestock, boats or motor vehicles. 
» feet on state primary and Interstate highways plus 5 miles ©7Weight shown plus front steering axle not to exceed 18,000 pounds. 
©® Auto transports 14 feet by permit on designated highways. 
£9QOn Interstate System—26,000; 40,000; 44,000; 58,000 and 72,000 pounds respectively. 
| fitional 6” for tires only. 7 Not permitted on Interstate System. 
Pounds if less than 4 feet apart, 38,000 pounds if more than 8 71 Limitation does not apply to a semitrailer being towed by truck tractor providing the distance between the kingpin and the 
rearmost axle does not exceed 38’. The semitrailer, exclusive of attachments, shall not extend forward of the rear of the truck cab. 
72Five axle units having 42 to 51 feet of wheelbase may gross 73,280 Ibs. not to exceed the specified axle loadings of 18,000 
Jad single axle, 34,000 tandem axle, other vehicles limited to and 32,000 Ibs. 
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population). Many two-variable relationships 
occurring in the physical sciences and engineer- 
ing are cases of functional dependence and are 
not of the bivariate normal type. Even when 
the relationship is of the appropriate type, the 
correlation coefficient is very much affected by 
restrictions on the range of the variables or by 
deliberate choice of values for experimentation. 

“Tt is always very difficult to interpret what 
a correlation coefficient really means. It has 
often been interpreted as expressing a causal 
rather than an association relationship, and a 
number of ‘horrible examples’ have been 
described in books like How to Lie with 
Statistics, by Darrell Huff, W. W. Horton and 
Company, New York, 1954.” 

The latest edition of Snedecor’s Statzstical 
Methods (8) states: “Over the last 40 years, 
investigators have tended to increase their 
use of regression techniques and decrease their 
use of correlation techniques. Several reasons 
can be suggested. The correlation coefficient r 
merely estimates the degree of closeness of 
linear relationship between Y and X, and the 
meaning of this concept is not easy to grasp. 
To ask whether the relation between Y and X 
is close or loose may be sufficient in an early 
stage of research. But more often the interest- 
ing questions are: How much does Y change 
for a given change in \? What is the shape of 
the curve connecting Y and X? These questions 
are handled by regression techniques. 

“Secondly, the standard results for the 
distribution of 7 as an estimate of a non-zero p 
require random sampling from a bivariate 
normal population. Selection of the values of 
X at which Y is measurec, often done inten- 
tionally or because of operational restrictions, 
can distort the frequency distribution of r to a 
marked degree. 
reen two variables 
19n relation to other 
sorrelations already 
A big animal tends 
shat two parts are 
sir participation in 
riod of years, many 
iriables rise or fall 


“The correlation be 
may be due to their co: 
variables. The organi 
mentioned are exampl].. 
to be big all over, 
correlated because of 
the general size. Over 
apparently unrelated 
together within the country or even 
in different countries. ‘There is a correlation of 
— 0.88 between the annual birth rate in Great 
Britain, from 1875 t 20, and the annual 
production of pig iron the United States. 


The matter was discussed by Yule (19) as a 
. ‘ oa . 

question. Why do we sometimes get non- 

sensical correlations ween time. series? 

Social, economic, and technological changes 

produce the time trends that lead to such 


examples.’ ” 
xy two-variable relation- 
NBS Handbook 91 are 


The linear models 1 
ships mentioned in 
as follows: 


e FI relationships—F¥ unctional relationships 


in which errors of measurement affect only 
one variable, Y. 
e FII  relationships—¥ unctional relation- 


ships in which both variables, X and Y, are 
subject to errors of measurement. 


e SI relationships—Statistical relationships 
in which a random sample of items is drawn 
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from a bivariate normal population, and two 
characteristics are measured on each item. 


e SII relationships—Statistical relation- 
ships in which one of the two variables, 
although a random variable in the population, 
is sampled only within a limited range or at 
selected preassigned values. 


These relations are discussed in detail in 
the NBS Handbook. In the accompanying 
illustration, which was taken from that 
handbook, the essential features of the four 
models are summarized. The SI relationship 
is the only one to which the correlation 
coefficient r is applicable, and engineering 
problems usually involve one of the two 
functional relationships. With regard to 
engineering data, whether or not it is explicitly 
recognized, one of the variables that the 
experimenter is usually concerned with is a 
dependent variable, in which changes are 
caused by changes in the other, or independ- 
ent, variable. This is the fundamental idea 
behind functional relationships. 


A familiar example of the SI relationship is 
the correlation between height and weight of 
individuals taken at random from a popula- 
tion. Here the assumption is not that large 
weight causes large height, or vice versa, but 
only that the two are associated some way in 
the same individual. Also, it is assumed that 
for any given height there is a normal distribu- 
tion of weights and for a given weight there 
is a normal distribution of heights. This is 
what is meant by a bivariate normal 
distribution. 


Simple r is a measure of linear association 
between two variables. If the relationship is 
nonlinear, this fact is not revealed by the 
calculation of r. If the relationship involves 
more than two variables, multiple or partial 
correlation techniques may be used, provided 
the other assumptions on which correlation is 
based are met, but their use compounds the 
difficulties of interpretation. 


Regression Techniques 


In addition to Handbook 91, several other 
references (4, 4, 6) contain detailed discus- 
sions of regression techniques. Regression 
analysis shows how one variable changes with 
another, rather than simply the degree of 
association between them. Moreover, the 
standard error of estimate of the dependent 
variable, as well as standard deviations for 
the coefficients of the regression equation, are 
available in regression analyses. Relations 
that are not linear, or those involving more 
than one independent variable, all can be 
handled in a regression analysis; and appro- 
priate significance tests can be used, if the 
data satisfy certain underlying assumptions. 

Some references (7, 8, 9) contain examples 
which show misuse of the correlation coeffi- 
cient. Usually these examples are from applica- 
tions in economies, sociology, ete. An example 
in engineering, involving the development 
of a mathematical model to describe the 
amount of shrinkage of mortar and concrete 
specimens as a function of time, appears in the 


December 1967 Journal of Materials (10). 
In that study, eight laboratories tested 10 ce- 
ments at each of four ages. The fact that some 
cements were not tested by all laboratories 
reduced the number of cement-laboratory 
combinations to 66. For each cement- 
laboratory combination, four replicate bars 
were made from each of three batches of 
mortar. For each of the four test ages, the 
12 replicate measurements obtained were 
averaged and the mathemetical model pre- 
viously deduced was applied. Sixty-six cor- 
relation coefficients were calculated by using 
the four selected times and the four averages 
of 12 shrinkage results. That the average of 
the 66 correlation coefficients obtained was 
0.999 was cited as indicating that the mathe- 
matical model selected was “almost perfect 
in representing the experimental data.” 


Two aspects of the misuse of r are illustrated 
in the article (J0). First, the correlation 
coefficient was used to prove a functional 
relationship; and second, the independent 
variable, time, was restricted in range and 
selected at four values: 1, 2, 8, and 4 weeks. 
A misleadingly high correlation coefficient can 
be obtained whenever one of the variables is 
restricted in this manner. An equally mis- 
leadingly high correlation coefficient can be 
obtained from an unrestricted range when one 
of the variables is time, because a high 
correlation coefficient does not imply a good 
functional relationship under these circum- 
stances. 

The averaging of the shrinkage data also 
contributed to making the correlation co- 
efficients misleadingly high. Averaging of 
statistical variation among replicate measure- 
ments is a valid process in establishing a 
functional relationship, but the variation 
removed by the process is an important part 
of the information about how good the 
relationship is between two variables and of 
how well the mathematical model can be used 
in prediction. For one cement laboratory-com- 
bination in the study reported here, the 
calculated r was 0.999 when the four averages 
were used, but was 0.985 when the 48 in- 
dividual measurements were used. 

The authors of that paper justified their 
use of the correlation coefficient and treatment 
of the data on the grounds that the correlation 
coefficient ‘‘would be easier to understand by 
the nonstatistically trained reader’ and they 
were ‘not interested in measuring the ‘noise 
intensity’ ’”’ but in “eliminating the ‘back- 
ground noise’ so as to be able to establish 
better the degree of fit of the data to the 
mathematical model.’’ However, the reporting 
of correlation coefficients of 0.999 may give the 
nonstatistically trained reader, who is not 
acquainted with the simplifying assumptions 
used, a wrong impression about the preciseness 
of the mathematical model. 

No criticism of the mathematical model, of 
the regression techniques used, or of the 
conclusions stated at the end of that paper is 
intended. The only point at issue is the 
inappropriateness of the calculated correlation 
coefficient as an indicator of the quality of the 
relationship. 
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Y = Weight 

Both measured on a ran- 
dom sample of individuals. 
X is not selected but 














X = Height (preseletd 
values) 

Y = Weight of individuals 

of preselected height. 
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only selected values of X are 
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Use of Electronic Computers 


Paradoxical as it may seem, one factor 
that has compounded the problem of inter- 
pretation of masses of data in this aspect, as 

well as in other aspects of engineering research, 
is the current widespread use of high-powered 
computing machinery. The very ease and 
speed with which these machines can handle 
large masses of data often tempts the engineer 
to relinquish his data to a computer group for 
Acomputer analysis, and to accept and publish 
the results indiscriminately on the assump- 
tion that the value of conclusions is somehow 
enhanced by the process. The computer can 
easily produce table after table containing 
‘correlation coefficients for all possible pairs 
of a large number of variables, and even place 
asterisks beside those numbers deemed sig- 
‘mificant because they tripped an internal 
‘Switch. Experienced engineers have published 
tesults that they would never have accepted 
had they relied on their own engineering 
judgment and familiarity with their own 
problems, rather than depended on the com- 
duter. The trouble arises because the engineer 
Who understands the data, abandons them to 
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to | Ordinanly negligible com- 
pared to variation among 





Same as in SI. 
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See Paragraph 5-43. — 
— | X= + bY 





Procedure depends on | 
what assumptions can be 
_ made. See Paragraph 5-4.3. 


i Y,. = bo - bX 





See Paragraph 5-5.1 and | 
basic worksheet. 
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Vr = by + bX only. | 











See Pe D-52 el 
basic worksheet. ‘ 











Not applicable 


Summary of four cases of linear relationships from NBS Handbook 91(2). 


a computer specialist who, though competent 
in his field, has no feeling for what is reason- 
able or what is ridiculous in terms of what 
the data mean. 

Another misconception that appears fre- 
quently in uses of the correlation coefficient 
involves the meaning of a significant correla- 
tion coefficient. In many texts, tables of the 
percentage points of the distribution of r for 
various numbers of measurements are given. 
Calculated correlation coefficients are often 
quoted as being highly significant on the 
basis of these tables without recognition of 
the fact that significant, in this context, 
merely means sufficiently large to permit 
rejection of the hypothesis that p=0O in the 
population. In a recent report, a correlation 
coefficient of 0.109 was labeled highly signifi- 
cant because it was based on 713 measure- 
ments. A large number of measurements, 
although insuring that the calculated 7 is 
probably very close to the true p in the 
population, still does not indicate a good 
relationship between the two variables 
involved. 

In summary, it seems that the engineering 
researcher who uses regression techniques 


| Sample estimate is 


' 1 VS.VSn 
See Paragraph 5-5.1.5. - 


eshiponscensoes 


Correlation may exist in the 
population, but r computed 
from such an experiment 
would provide a distorted 
estimate of the correlation. 










gets much more for his time and effort, even 
in the infrequent situations in which the 
assumptions required by the correlation co- 
efficient are known to have been met. 


Significant Correlation Coefficient 


Another pitfall connected with use of cor- 
relation coefficients occurs when all possible 
pairs of correlation coefficients for a large 
number of variables are computed. Often 
this is done and those pairs that show the 
largest coefficients are selected for further 
study. This practice ignores the fact that the 
significance points of the distribution of r 
from a population with p=0 are points beyond 
which a certain percentage of calculated 7’s 
must be expected to occur on the average. 
Thus, if 100 correlation coefficients are cal- 
culated, approximately five of them will 
appear to be significant at the 95 percent 
confidence level, merely by chance, even if 
there are no correlations whatsoever between 
any of the pairs of variables being studied. 
The possible minimum correlation in the pop- 
ulation corresponding to a high sample r is 
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greatly reduced when this practice is followed 
(5). 

There are situations in which the correlation 
coefficient may be used in analyzing engineer- 
ing data. But in all such situations the re- 
searcher must be very careful in drawing 
conclusions on the basis of these deceptively 
simple numbers. 


Quotations from Statistical Authori- 
ties Regarding the Correlation Co- 
efficient 


Kendall and Stuart (7) 


pp. 278-9. ‘‘We may be interested either 
in the interdependence between a number 
(not necessarily all) of our variables or in 
the dependence of one or more variables on 
others. For example, we may be interested in 
whether there is a relationship between length 
of arm and length of leg in men; put this way, 
it is a problem of interdependence. But if we 
are interested in using leg-length measure- 
ments to convey information about arm- 
length, we are considering the dependence 
of the latter upon the former. This is a case 
in which either interdependence or depen- 
dependence may be of interest. On the other 
hand, there are situations when only depend- 
ence is of interest. The relationship of crop- 
yields and rainfall is an example in which 
nonstatistical considerations make it clear that 
there is an essential asymmetry in the situa- 
tion. We say, loosely, that rainfall causes crop- 
yield to vary, and we are quite certain that 
crops do not affect the rainfall, so we measure 
the dependence of yield upon rainfall. 

“There is no clear-cut distinction in statis- 
tical terminology for the techniques appro- 
priate to these essentially different types of 
problems. Nevertheless, it is true in 
the main that the study of interdependence 
leads to the theory of correlation . . . while 
the study of dependence leads to the theory of 
regression... .” 


p. 279. “A statistical relationship, however 
strong and however suggestive, can never 
establish a causal connexion; our ideas on 
sausation must come from outside statistics, 
ultimately from some theory or other. 

“Tn the first flush of enthusiasm for correla- 
tion techniques, it was easy for followers of 
Karl Pearson and Yule to be incautious. .. . 
Yule (1926) frightened statisticians by adduc- 
ing cases of very high correlations which were 
obviously not causal; e.g., the annual suicide 
rate was highly correlated with the member- 
ship of the Church of England. Most of these 
‘nonsense’ correlations operate through con- 
comitant variation in time, and they had the 
effect of 
statistician that causation cannot be deduced 
from 


salutary bringing home to the 


however 
close. Now, more than thirty years later, the 


any observed co-variation, 
reaction has perhaps gone too far; correlation 
analysis is very unfashionable among statis- 
ticians. Yet there are large fields of application 
(the sciences and for 


social psychology, 
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example) where patterns of causation are not 
yet sufficiently well understood for correlation 
analysis to be replaced by more specifically 
‘structural’ statistical methods.” 


Bowker and Lieberman (J) 


pp. 242ff. “There are two different ways in 
which pairs of measurements can occur: 
namely when there is an underlying physical 
relationship and when there is a degree of 
association. 


“Tn the first case, a functional relationship 
between y and z is assumed. Observations are 
made on a random variable y, whereas x is 
some known constant associated with this 
random variable. An example of such an 
experiment is the effect of time of aging on the 
strength of cement. The time corresponds to 
the x variate, the values of which are pre- 
determined in the experiment. For a given 
value of time, the yield (corresponding to the 
y variate) is the random variable. Most 
problems which involve time usually fall into 
the framework above. Time can frequently be 
measured to a sufficient degree of accuracy 
so that it can be assumed to be a known 
constant. 


“Other examples of a functional relation- 
ship are problems which involve calibration 
against a known standard. A series of obser- 
vations may be taken by a laboratory on 
material whose contents are known accurately 
by design. The random variable y can be 
considered as the laboratory measurement, 
whereas the true composition may be re- 
garded as the x variate. The example of 
calibrating a new method of determining 
CaO falls into this category. In each of these 
examples, and in the general situation, 
interest is centered on determining the 
average value of the random variable y as a 
function of the fixed value x. Naturally, zx is 
never known exactly, but it is sufficient to 
have the error in x small compared to the 
variability of y. 

“The degree of association case deals with 
observations x and y, each of which represents 
measurements on random variables associated 
with different characteristics of the same item. 
Interest is centered on determining the 
relationship between the two variables for 
any number of reasons. Measurements on one 
variable, say x, may be relatively inexpensive 
compared with measurements of y, thereby 
resulting in a monetary saving if y can be 
predicted from a knowledge of x. For example, 
determining abrasion loss is difficult, whereas 
measuring hardness by means of a Rockwell 
hardness machine is relatively simple. There 
exists a degree of association between abrasion 
loss and hardness. The example of proportional 
limit and tensile strength falls into this 
category. 

“The relationship between two laboratories 
with respect to measurement on a certain 
material whose composition is not known 
accurately is another example where ‘degree 
of association’ is important. Each laboratory 
measures the sample for the quantities of 
the unknown characteristics and the relation- 
ship between each laboratory’s results is 












































tories may be regarded as random variable 

“In each of these examples, and in thi 
general situation, interest is centered on dé 
termining the average value of the randor 
variable y as a function of a given value the 
the random variable xz takes on. Althoug 
both of the cases presented have this proy 
erty, the underlying assumptions are con 
pletely different. However, it turns out thé 
the methods of analysis are identical. Hene, 
once the experimenter recognizes the di 
tinction in models, the formal mechanics ¢a 
be carried out without regard to the situatic 
that exists.” 


(Discussion of fitting straight lines 
by least squares estimates follows.) 





| 

pp. 273ff—Correlation. “In  engineerir; 
problems, interest is sometimes centered | 
determining the distribution of two relate 
variables and the degree of association betwee 
them rather than in estimating one variab 
from another. In earlier chapters, it wi 
indicated that the distribution of a sing 
variate could be characterized by its moment, 
or approximated by estimates of its moment 
In the case of two variables, the joint distr 
bution of these variables is represented nv 
only by the moments of the individual val 
ables, but by some measure of their jou 
behavior. If the two variables have a bivaria‘ 
normal distribution, then the measure of the 
joint behavior is called the correlation ¢: 
efficient and will be denoted by p.... A 
estimate of p is given by the sample correlatic 
coefficient rr... . The sample correlatic 
coefficient can be derived from the slope | 
the fitted least squares line... . Cons 
quently, it is clear that the sample correlatic 
coefficient does not contain any addition 
information. In fact, a significance test fr 
p=0 is equivalent to testing whether B= 
i.e., whether or not a relationship exist 
These relationships indicate that correlatic 
and fitting Jines are mathematically equiv. 
lent, although these techniques are used f\ 
different types of problems. In engineerii: 
applications, the correlation coefficient do 
not play a very important role.” 





Freund (8) 


pp. 3868f—The Interpretation of r. Wi 
already know how to interpret 7 when it equa 
0, +1, or —1. When it is 0, the points are | 
scattered, the fit of the regression line is | 
poor, that knowledge of x does not aid in th 
prediction of y; when it is +1 or —1, allt 
points actually lie on a straight line and> 
stands to reason that we should be able to mal: 
excellent predictions of y by using the equ: 
tion of the line. Values of r falling betwee 
0 and +1 or between 0 and —1 are mo 
difficult to explain; a person who has no know 
edge of statistics might easily be led to t 
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oneous idea that a correlation of r=0.80 is 
wice as good’ as a correlation of r=0.40, 
or that a correlation of r=0.75 is ‘three times 
as good’ or ‘three times as strong’ as a corre- 
jation of r= 0.25. 





. “As a word of caution let us add that the 
coefficient of correlation is not only one of 
the most widely used, but also one of the 
most widely abused of statistical measures. 
{t is abused in the sense that (1) it is often 
overlooked that 7 measures only the strength 
of linear relationships and that (2) it does not 
necessarily imply a cause-effect relationship. 


“Tf 7 is calculated indiscriminately, for 
nstance, for the data of Figure 15.5 (Fig. 15.5 
shows a plot of points which closely fit 
>» ,concave-upward curve), a value of r close to 0 
does not imply that the two variables are not 
‘elated. The dashed curve of Figure 15.5 
srovides an excellent fit even though the 
straight line does not. Let us remember, 
hherefore, that r measures only the strength 
)f linear relationships. 


“The fallacy of interpreting high values 
ff r as implying cause-effect relationships is 
yest explained with a few examples. One such 
xample, which is frequently used as an 
llustration, is the high positive correlation 
‘me obtains for data pertaining to teachers’ 
alaries and the consumption of lquor over 
he years. This is obviously not a cause-effect 

elationship; it results from the fact that both 
rariables are effects of a common cause—the 
verall standard of living. Another classical 
xample is the strong positive correlation 
ibtained for the number of storks seen nesting 
n English villages and the number of child- 
irths recorded in the same communities. .. . 
“hese examples serve to illustrate that it is 
auch safer to interpret correlation coefficients 
S$ measures of association rather than cau- 
ation. . . 


“Tt is sometimes overlooked that when r is 
alculated on the basis of sample data, we 
aay get a strong (positive or negative) cor- 
elation purely by chance, even though there 
3 actually no relationship whatsoever be- 
ween the two variables under investigation.” 
Description of experiment involving throws 
fa pair of dice follows.) 


“When a correlation coefficient is calculated 
n the basis of sample data, as in the above 
xample, the value we obtain for r is only an 
siimate of a corresponding parameter, the 
opulation correlation coefficient, which we refer 
0 as p (rho). To test the null hypothesis of 
© correlation, namely, the hypothesis that 
=0, we shall have to make several assump- 
ions about the distribution of the random 
ariables whose values we observe. In normal 
orrelation analysis we make the assumptions 
f normal regression analysis . . ., except that 
ow the z’s are not looked on as constants but 
8 values of a random variable having itself 
hormal distribution.” 


loroney (9) 


pp. 246f. “It very rarely happens that an 
flect is brought about by a single cause— 
»ather do we find that a certain combination 
circumstances is necessary, and the absence 
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of even one of them is enough to prevent the 
occurrence of the event.” 


(Discussion of causes of diptheria follows.) 


p. 247. “Tt will be appreciated that however 
great the difficulties, the research worker has 
to press on with his task of trying to piece 
together the whole story. Association and the 
theory of Dependence are at once great assets 
to him and dangerous pitfalls, especially when 
he is dealing with small samples.”’ 

pp. 248 and 249. “The significance test 
(tests) the reality of the association without 
telling us anything about the intensity of 
association. It will be apparent that we need 
two distinct things, (a) a test of significance, 
to be used on the data first of all, and (b) 
some measure of the intensity of the associ- 
ation, which we shall only be justified in using 
if the significance test confirms that the associ- 
ation is real. . . . In statistics when we speak 
of association there is always a comparison 
implied... . 


“The danger of drawing the obvious con- 
clusion from association has already been 
pointed out. The association between two 
things might be due, not to any direct causal 
relation between them, but to their joint 
association with a third factor.” 

pp. 3808 and 304. “. . . at no point are 
statistical methods more of a sausage machine 
than in correlation analysis. The problem of 


interpretation is always very much more 
difficult to deal with than the statistical 


manipulations, and for this side of the work 
there is no substitute for detailed practical 
acquaintance with every aspect of the problem. 
The statistician can only help out the specialist 
in the field, not replace him. The man who 
plays carelessly with sharp tools is asking to 
be cut. 

“In the fields where controlled experi- 
mentation is usually more or less impossible, 
such as economics or social research, it is 
also true, unfortunately, that in any problem 
under discussion we have to take account of 
several factors at the same time. Under 
these conditions we may calculate the cor- 
relation coefficient between any pair of the 
variables. But the obvious conclusion is not 
always the correct one. . . . The best advice 
that we can give to a man who finds a correla- 
tion and starts to say ‘It’s obvious,’ is: Think 
again. Ten to one there’s a catch in it. The 
reader has been well enough warned by now 


unless he is ‘invineibly ignorant,’ as the 
theologians have it. We _ shall therefore 


explain, briefly, the routine for analysis with 
several factors, making at once the proviso 
that it is usually profitless to apply the 
methods to cases involving more than four 
variables.” 


Dixon and Massey (11) 


p. 189. “A regression problem considers 
the frequency distribution of one variable 
when another is held fixed at each of several 


levels. A correlation problem considers the 
joint variation of two measurements, neither 
of which is restricted by the experimenter. 
Examples of regression problems can be 
found in the study of the yields of crops grown 
with different amounts of fertilizer, the 
length of life of certain animals exposed to 
different amounts of radiation, the hardness 
of plastics which are heated for different 
periods of time. In these problems the 
variation in one measurement is studied for 
particular levels of the other variable selected 
by the experimenter. Examples of correlation 
problems are found in the study of the 
relationship between IQ and school grades, 
blood pressure and metabolism, height of 
cornstalk and yield, etc. In these examples 
both variables are observed as they naturally 
occur, neither variable being fixed at 
determined levels.” 


pre- 


pp. 198-200. “Tn a correlation problem we 
sample from a population, observing two 
measurements on each individual in the sam- 
ple. This contrasts with a purely regression 
problem, where the sample is chosen with pre- 
assigned X values. A large part of the clas- 
sical study of this subject is based upon the 
assumption that the distribution of values 
(X, Y) is a ‘two-variable normal’ distribution. 
In appearance the distribution surface is bell- 
shaped. The distribution of Y values for any 
fixed X is normal, and the distribution of X 
values for any fixed Y is also normal. The re- 
gression curve of Y on X and the regression 
curve of X on Y are both straight lines with 
homoscedasticity (constant variance) for both 
X and Y variables. ... A serious disad- 
vantage is the rare occurrence of populations 
which have bivariate normal distributions 
i.e., populations having both the distribution. 
of Y values for given X and the distribution 
of X values for given Y normal. Another dis- 
advantage lies in the sampling procedure, 
which requires that neither variable be 
controlled.” 


Natrella (2) 


pp. 6-1 and 5-2. “In many situations it is 
desirable to know something about the rela- 
tionships between two characteristics of a 
material, product, or process. In some cases, 
it may be known from theoretical considera- 
tions that two properties are functionally 
related, and the problem is to find out more 
about the structure of this relationship. In 
other cases, there is interest in investigating 
whether there exists a degree of association 
between two properties which could be used 
to advantage. For example, in specifying 
methods of test for a material, there may be 
two tests available, both of which reflect per- 
formance, but one of which is cheaper, simpler, 
or quicker to run. If a high degree of associa- 
tion exists between the two tests, we might 
wish to run regularly only the simpler test. 

“Where only two characteristics are in- 
volved, the natural first step in handling the 
experimental results is to plot points on graph 


paper. 
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“There is no substitute for a plot of the 
data to give some idea of the general spread 
and shape of the results. A pictorial indication 
of the probable form and sharpness of the 
relationship, if any, is indispensable and some- 
times may save needless computing. When 
investigating a structural relationship, the 
plotted data will show whether a hypothetical 
linear relationship is bourne out; if not, we 
must consider whether there is any theoretical 
basis for fitting a curve of higher degree. When 
looking for an empirical association of two 
characteristics, a glance at the plot will reveal 
whether such association is likely or whether 
there is only a patternless scatter of points. 


“In some cases, a plot will reveal unsus- 
pected difficulties in the experimental setup 
which must be ironed out before fitting any 
kind of relationship (example follows). If no 
obvious difficulties are revealed by the plot, 
and the relationship appears to be linear, 
then a line Y=b)+6,X ordinarily should be 
fitted to the data. 


p. 5-8. “Before giving the detailed procedure 
for fitting a straight line, we discuss different 
physical situations which can be described by 
a linear relationship between two variables. 
The methods of description and prediction may 
be different, depending upon the underlying 
system. In general, we recognize two different 
and important systems which we call Statistical 
and Functional. It is not possible to decide 
which is the appropriate system from looking 
at the data. The distinction must be made 
before fitting the line—indeed, before taking 
the measurements.” 


p. 5-8.1—Functional Relationships. ‘In the 
case of a Functional Relationship, there 
exists an exact mathematical formula (y 
as a function of x) relating the two variables, 
and the only reason that the observations 
do not fit this equation exactly is because of 
disturbances or errors of measurement in the 
observed values of one or both variables. ... 
Common situations that may be described 
by Functional! Relationships include calibra- 
tion lines, comparisons of analytical pro- 
cedures and relationships in which time is 
the X variable. 


pp. 6-5, 5-8.2—Statistical Relationships. 
“In the case of a Statistical Relationship, 
there is no exact mathematical relationship 
between X and Y; there is only a statistical 
association between the two variables as char- 
acteristics of individual items from some 
particular population. If this statistical associ- 
ation is of bivariate normal type .. . then 
the average value of the Y’s associated with a 
particular value of X, say Y, is found to de- 
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pend linearly on X, ie., Y.=B)+6,X; simi- 
larly, the average value of the X’s associated 
with a particular value of Y, say X,, depends 
linearly on Y .. ., ie., Xy=8othi 1%, low 
and this is important!—the two lines are not 
the same. .. .” 

pp. 5-6ff. “SI Relationships. In this case, 
a random sample of items is drawn from some 
definite population (material, product, process, 
or people), and two characteristics are meas- 
ured on each item. 

‘‘A classic example of this type is the rela- 
tionship between height and weight of men. 
Any observant person knows that weight tends 
to vary with height, but also that individuals 
of the same height may vary widely in weight. 
It is obvious that the errors made in measuring 
height or weight are very small compared to 
this inherent variation between individuals. 
We surely would not expect to predict the 
exact weight of one individual from his height, 
but we might expect to be able to estimate the 
average weight of all individuals of a given 
height. 

“The height-weight example is given as one 
which is universally familiar. Such examples 
also exist in the physical and engineering 
sciences, particularly in cases involving the 
interrelation of two test methods. In many 
cases there may be two tests that, strictly 
speaking, measure two basically different 
properties of a material, product, or process, 
but these properties are statistically related 
to each other in some complicated way and 
both are related to some performance charac- 
teristic of particular interest, one usually more 
directly than the other. Their interrelation- 
ship may be obscured by inherent variations 
among sample units (due to varying density, 
for example). We would be very interested in 
knowing whether the relationship between the 
two is sufficient to enable us to predict with 
reasonable accuracy, from a value given by 
one test, the average value to be expected for 
the other—particularly if one test is consider- 
ably simpler or cheaper than the other. 

“The choice of which variable to call X 
and which variable to call Y is arbitrary— 
actually there are two regression lines. If a 
statistical association is found, ordinarily the 
variable which is easier to measure is called 
X. Note well that this is the only case of 
linear relationship in which it may be appro- 
priate to fit two different lines, one for pre- 
dicting Y from X and a different one for 
predicting X from Y, and the only ease in 
which the sample correlation coefficient 7 is 
meaningful as an estimate of the degree of 
association of X and Y in the population as meas- 
ured by the population coefficient of correlation 


p=4/6,B’:” 



























pp. 6-7 ff. “SIL Relationships. The gener 
case described above (SI) is the most famili 
example of a statistical relationship, but 
also need to consider a common ease 
Statistical Relationship (SII) that must — 
treated a bit differently. In SII, one of t: 
two variables, although a random variable \ 
the population, is sampled only within | 
limited range (or at selected preassign| 
values). In the height—weight example, su- 
pose that the group of men included on; 
those whose heights were between 5 ft. 4 | 
and 5 ft. 8 in. We are now able to fit a lip 
predicting weight from height, but are ue 
able to determine the correct line for predieti: 
height from weight. A correlation coefficie; 
computed from such data is not a measure [ 
the true correlation among height and weig; 
in the (unrestricted) population.” 





REFERENCES 

(1) Engineering Statistics, by Albert . 
Bowker and Gerald J. Lieberman, Prentic- 
Hall, 1959. 
(2) Kaperimental Statistics, by Mary | 
Natrella, NBS Handbook 91, National Burei 
of Standards, 1963. Available from Sup 
intendent of Documents, U.S. Governmet 
Printing Office, Washington, D.C. 204(. 
(3) Statistical Methods, by George °. 
Snedecor and William G. Cochran, Iou 
State University Press, Ames, Iowa, 6th e, 
1967. 
(4) Applied Regression Analysis, by N. . 
Draper and H. Smith, John Wiley & So, 
Inc., New York, 1966. | 
(5) Methods of Correlation and Regressie 
Analysis, by M. Ezekiel and K. A. Fa, 
John Wiley & Sons, New York, 1959. ‘ 
(6) Analysis of Straight Line Data, by F.). 
Acton, John Wiley & Sons, Inc., New Yo, 
1959. 
(7) The Advanced Theory of Statistics, 
Maurice G. Kendall and Alan Stuart, vol. |: 
Inference and Relationship, Hafner Publishiz 
Co., New York, 1961. 
(8) Modern EHilementary Statistics, by Joa 
K. Freund, Prentice-Hall, 1967. 
(9) Facts from Figures, by M. J. Morong, 
Penguin Books, 1956. 
(10) An Analysis of Drying Shrinkage De 
for Portland Cement Mortar and Concrete, — 
A. L. Stockett, A. M. Schneider, and Hay. 
Mardulier, Journal of Materials, vol. 2, N. 
4, December 1967, pp. 829-842. 
(11) Introduction to Statistical Analys, 
by W. J. Dixon and F. J. Massey, Jray 
Graw-Hill, New York, 1957. \ 


| 








June 1971 © PUBLIC ROA’ 


: . 3 






—MENT TREATED BASE (CTB) PERFORMANCE EVALUATION 


States using or planning to use cement stabilization on base course 
-nstruction will find the inventory of CTB performance in this study 
eful. Construction features indicative of improved performance in 
ilifornia are identified. The evaluation summary indicated that of 
‘5 CTB projects built between 1950 and 1962, 64 percent are giving 
cellent service. Eleven percent rated less than fair required extensive 
aintenance early in their service lives. The main causes of failure 
\peared to be: (1) Insufficient cement content, (2) poor mixing of 
~ment, (3) excessive trimming of the compacted CTB, (4) insufficient 
'B thickness, (5) inadequate CTB compaction, or deficiencies in the 
_phaltic concrete (AC) surfacing thickness or quality. 

‘Improved performance of CTB composite pavements resulted from: 
-) Extending the CTB at least 1 foot into the shoulder, (2) plant-mixing 
eCTB, (3) building in temperate weather, (4) increasing the thickness 
_the asphaltic concrete surfacing, (5) limiting the compacted thickness 
any one layer of CTB to 6 inches, (6) using type I] cement rather than 
del, (7) using a minimum CTB thickness of 6 inches, (8) providing a 
‘nimum in situ CTB compressive strength of 500 p.s.i. 


nvestigation and Appraisal of the Performance of Cement-Treated Bases in Flexi- 
: Pavements, 1968, California Division of Highways report, Study No. D-2-6. 
1S No. PB-179876. 


JRFACE PROFILOMETER FOR CONSTRUCTION CONTROL 


4 commercially available towed pavement profilometer fostered by 
nt State and commercial development has demonstrated highly 
tisfactory performance. It yields both graphic and digital output. 
curacy and repeatability of graphic output compare favorably with 
ose of rod and level profiles, and correlation between graphical and 
jital output has been mathematically validated. The graphic results 
ovide a permanent record. The digital output can serve as a roughness 
Jex. Texture of the surface is automatically eliminated as a component 
» the roughness outputs. Functional features include 12 averaging 
‘eels uniformly spaced both laterally and longitudinally for feeding 
jut into the recorder. Retractable outrigger wheels facilitate rapid 
ving between testing locations. 


Jevelopment of a Construction Contro! Profilograph, Texas Highway Department, 
port No. 49-3F. NTIS No. PB-185189. 


*<DUCING CRACK REFLECTANCE OF 
TUMINOUS OVERLAYS 


\ccording to a special study report, bituminous overlays on old con- 
ste pavements with widening strips develop less roughness and sig- 
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The items reported here have been condensed from highway research and development reports, predominantly 
of Federally aided studies. Not necessarily endorsed or approved by the Federal Highway Administration, the items 
have been selected both for their relevancy to highway problems and for their potential for early effective application. 

Each item is followed by source or reference information. Reports with an ‘NTIS’ reference number are available 
in microfiche (microfilm) at 95 cents each or in paper facsimile at $3 each from the National Technical Infor- 
mation Service (NTIS), 5285 Port Royal Road, Springfield, Va. 22151. 


nificantly fewer reflection cracks when the old pavement is broken and 
seated on the subgrade by rolling with a 59-ton pneumatic roller before 
resurfacing. Cost analysis indicated that beyond 5 years of service, the 
per mile cost of construction plus crack filling for the standard 4%4-inch 
bituminous overlay (with no pavement breaker rolling) becomes greater 
than for the rolled section with 5 and 6 inches of bituminous overlay, 
based on rolling costs of $270 per mile and 1959 construction costs, 
and crack sealing practices and materials currently used in Minnesota. 


Effect of Pavement Breaker Rolling on the Crack Reflectance of Bituminous Over- 
lays, Minnesota Department of Highways, final report on Special Study No. 265, 
1968. 


SLOPE STABILITY ANALYSIS BY COMPUTER 


Soils engineers benefit from a new computer program for solving 
highway slope stability problems using the method of slices developed 
by Fellenius and modified by Bishop. The procedure calculates the 
pressures due to steady-state water flow, and includes a line plotter 
and a drum plotter attached to an IBM 1130 computer for graphic output. 
However, the basic computer routine on which the analysis is based 
requires a larger system, the IBM S/360 Model 40. 


Extension of ICES—LEASE | to Include Flow and Plotting Routines, MIT report, 
November 1968, Research Study R-12-4, Massachusetts Department of Public 
Works. 


ADVANCED PHOTOGRAMMETRIC TECHNIQUES FOR 
INTERCHANGE DESIGN AND STAKEOQUT 


A comprehensive procedure, adaptable to computerization and using 
the least squares method, has been developed to give complete inter- 
change design information on such alinement features as curve lengths, 
central angles, deflection angles, tangents, and azimuths of tangents, 
as well as radii, stationing, and coordinate value for various points. 
Provision is made for the simultaneous adjustment of critical points 
such as P.C., P.T., P.I., and others. For staking purposes, plane co- 
ordinates are given for any point on the adjusted road or ramp alinement, 
and horizontal angles can be computed. For construction, the LSM 
approach can be used in conjunction with photogrammetry for checking 
construction accuracy of interchange ramps. 


Advance Photogrammetric Techniques for Interchange Geometric Design and 
Stakeout, Ohio Department of Highways report, Research Study RF2417. 
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Highway Research and Development Reports Available From 


National Technical Information Service 


Technical Information 
Information), 


The 


Service ( 


Sills Building, 52 


Springfield, Va. 


following highway research and development reports are available from the National 
formerly the Clearinghouse for Federal § 
385 Port Royal Road, 


Scientific and Technical 
22151. Paper copies are 


priced at $2 each and microfiche copies at 95 cents each. To order, send the stock number of each report 
desired and a check or money order to the National Technical Information Service. Prepayment is 


required. 


Stock 


PB 
PB 


EB 
PB 


PB 
PB 
PB 
PB 
PB 
PB 
PB 
PB 


PB 
PB 


PB 
PB 
PB 


PB 


PB 
PB 
PB 
PB 
PB 


PB 


PB 


P18) 
PB 
PB 


PB 
PB 


PB 
PB 
PB 
PB 
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Other 


mation Service 


No. 
191051 


193453 


193535 


193903 


193904 


193920 
193927 
193940 
194017 
194147 
194150 
194151 
194153 


194157 
194158 


194159 


194160 


194168 


194170 


194171 


194749 


194910 


194932 


194953 


194954 


194955 


194956 


194957 


194983 


195140 
195141 


195177 
195178 


195179 
195180 


Analysis of Orthotropic Folded Plates with 
Eccentric Stiffeners. 

A Systematic Cataloging and Evaluation of 
Plant Materials for Highway Use. 

Analysis of Curved Folded Plate Structures. 

Shrinkage, Creep, and Creep Recovery of 
Gap-Graded Versus Continuously-Graded 
Concrete— Report No. 5. 

Permeability of Gap-Graded Versus Con- 
tinuously-Graded Concrete—Report No. 
i, 

Clays in Arkansas Soils. 

Driving Ability as Affected by Age. 
Optimum Proportioning of Gap-Graded 
Versus Continuously-Graded Concrete. 
Erosion Control on Highway Rights-of-Way 

in Arkansas. 

Development of a Texture Profile Recorder. 

Part I—Theoretical Consideration. 

Mechanical Factors Study. 

Yhree-Dimensional Photoelastic Investiga- 
tion of Simulated Weld Discontinuities. 

Pavement Slipperiness Studies. 

Analytical and Experimental Study 
Curved Bridge Model. 


of a 


Microtexture Measurements of Pavement 
Surfaces. 
Effects of Fatigue on Skills Related to 
Driving. 


The Effect of Pavement Friction and Ad- 
hesion. 

A Study of the Factors Influencing Attrac- 
tion and Retention of Engineering Talent 
With the Ohio Department of Highways. 

Preliminary Study—Composition of Road- 
side Litter in Georgia. 

The Nuclear Method of Soil-Moisture Deter- 
mination at Depth. 

Prediction of Moisture Movement in Expan- 
sive Clays. 

Analysis of Slab-Stringer-Diaphram Systems 
Final Report—Part ITI. 

Design Procedure Compared to Full-Scale 
Tests of Drilled Shaft Footings. 

A Condensation of the NCHRP 3-12 Draft— 
Development of Information Require- 
ments and Transmission Techniques for 
Highway Users. 

Annotated Bibliography and Summary of 
Research Needs of the Human Factors 
Aspects of Driver Visual Communications. 

Psychophysiological Measurements as Re- 
lated to the Operation of a Motor Vehicle. 

Cost-Effectiveness Analysis of Roadway 
Lighting Systems. 

Significant Points from the Diagnostic Field 
Studies—Summary Report. 

Development of a Skid Resistance Trailer. 

Load Partition and Ultimate Strength of 
Shingle Joints. 

A Mathematical Model for Evaluating Prior- 
ity Lane Operations on Freeways. 

South Dakota Flexible Pavement Study. 

Evaluation of Masonry Coatings. 

Reflection Crack Sealing Study. 


Stock No. 
PB 195181 
PB 195182 
PB 195189 
PB 195328 
PB 195332 
PB 195333 
PB 195334 
PB 195335 
PB 195344 
PB 195345 
PB 195346 
PB 195399 
PB 195402 
PB 195406 
PB195407 
PB195408 
PB 195409 
PB 195411 
PB 195412 
PB 195449 
PB 195490 
PB 195619 
PB 195622 
PB 195626 
PB 195708 
PB 195715 
PB 195723 
PB 195724 
PB 195768 
PB 195994. 


highway research and development reports available from the National Technical Infor- 
will be announced in future issues. 


Pavement Design Methods, Literature Re- 
view-I. 

Nuclear Measurement of Soil Properties. 

Traffic Systems Reviews and Abstracts, 
October 1970 Issue. 

Procedures for Estimating Flood Flows from 
Small Rural Watersheds. 

Experimental Development of a Method for 
Synthesizing Internal-Internal Trips in 
Small Urban Areas. 

Comprehensive Planning For Rural Re- 
gions—A Case Study: The Slash Pine 
Experience. 

A Method of Estimating Tensile Properties 
of Materials Tested in Indirect Tension— 
98-7 

Correlation of Tensile Properties With Sta- 
bility and Cohesiometer Values _ for 
Asphalt-Treated Materials—98-6. 

Evaluation of Traffie Control at Highway 
Intersections—78-1F. 

Portland Cement Concrete Shoulders. 

Fatigue Strength of Composite Beams With 
a Reduced Number of Shear Connectors in 
Highway Bridges. 

Analog-To-Digital System—73-4. 

Pavement Texture Measurement by the Sand 
Patch and Outflow Meter Methods. 

Potential of Neutron Activation Analysis of 
Highway Materials. 

Cracking of Concrete. 

Pavement Texture Measurement From a 
Moving Vehicle. 

Study on Fatigue of Hybrid Plate Girders 
Under Constant Moment—%6-3. 

Maintenance Management Research Project. 

Pavement Serviceability Equations Using 
The Surface Dynamics Profilometer—73-3. 

Pilot Study of Housetrailer and Truck 
Camper Study—Phase 1 

The Translation of the Results of the 
AASHO Road Test to Useful Guides for 
Design in North Carolina. 

Torsional Properties of Composite Steel 
Bridge Members. 

GHD Research Project Number 6904—In- 
terim Report Number 1—Audit of Inven- 
tory Activity. 

The Behavior of a Curved Box Beam Model 
Bridge. 

Development of Nuclear Methods for Quality 
Control of Highway Embankment Con- 
struction. 

Performance of Michigan’s Postwar Concrete 
Pavements. 

Simulated Application of a Statistically 
Based Specification for Asphaltic Concrete 
Construction. 

An Evaluation of the Thruway Skid Cart. 

GHD Research Project Number 6904— 
Interim Report Number 2—Planning Or- 
ganization and Uses of Planning Inventory 
Data. 

Development and Use of a Statewide Origin 
and Destination Data Bank. 


Stock No. 


Jee} 


PB 
PB 


Jee) 


PB 
PB 
PB 
PB 


PB 
PB 


PB 


PB 


PB 
PB 
PB 
PB 
PB 


iP 33} 


PB 


PB 


PB 


PB 


PB 


PB 


PB 


PB 
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PB 


PB 


PB 


PB 
PB 


PB 


PB 


PB 


PB 


PB 
PB 


Ris 


196004 


196005 
196011 


196012 
196013 
196045 
195099 
196100 


196123 
196124 


196125 
196126 
196129 
196130 
196131 


196132 
196133 


196141 


196143 


196158 


196301 


196396 


196397 


196398 


196402 


196403 


196404 
196405 


106406 


196407 


196439 
196460 


196502 


196503 


196504 


196505 


196506 
196507 


196508 





Development of Specifications for Refl. 
Reflective Materlals. 

Non- User Factors in Highway Planning. | 

An Instrument for Detecting Delaminati, 
in Concrete Bridge Decks. 

Application of Commercial Radio to Fr- 
way Communications: A Study of Dri; 
Attitudes. 

Setting and Durability of Asphalt Emulsio. 

Box Girder Model Studies, Volumes I and , 

Pile Group Foundations. 

Long Trip Driving Habits of Califor, 
Drivers: General Findings. 

Synthetic Aggregates—654. 

Driver Communications and Traffie © - 
trol—1-222. 

Bibliography Survey of Library Facilit), — 
Project 1-220 Speed. 

Skid Resistance Qualities as Related to 3 
Chemical Composition of Limestone . 
gregates in Arkansas. 

A Study of Storm-Water Inlet Capacities. 

Road Roughness Correlation Study. . 
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Effectiveness of Existing Highway Desigi 

Analysis of Pavement Profile. 

Investigation of Red River Valley Geoliy 
Effects on Structure Design and Perfo: Ie 
ance. | 

Nondestructive Tests for Welds in Highvy F 
Structures. : . 

Computer Program for Cellular Structure)f — 
Arbitrary Plan Geometry. 

The Establishment of Vegetation on Nont)- — : 
soiled Highway Slopes in Washington. 3 

Eminent Domain In Louisiana—An Anal; s — 
of Expropriation Law and Practice—i)’. 

Advanced Control Technology in Urln 
Traffic Control Systems—Volume |, 
Enhanced UTCS Control System - 
scription. ie 

Advanced Control Pecnnlalces In Urin it 
Traffic Control Systems—Volume I), — 
Enhanced UTCS/BPS System Progrii- 
ming Specifications. ) 

Advanced Control Technology In Ur'n 
Traffic Control Systems—Volume II}, 
Enhanced UTCS/BPS System Equipmit 
Specifications. 

Installation Report and Initial Condi n 
Survey of Bridge Decks. . 

Judgement of Vehicle Speeds and Trice 
Patterns, Phase IIT. / 

Paint Stripe and Glass Bead Study. 

A Preview-Predictor Model of Driver Pe 
havior in Emergency Situations. 

A Preliminary Analytical Investigatior 
the Brig Road Safety Edge Concept. | 

Statistical Quality Control of Highway an 
struction and Materials. 

The Determination of Soil Properties In $1 

I-84 Environmental and Joint-Use Stuy, 
Hartford, Conn. 

The Effect of Pavement Materials and R) 
forcing Structures on the Operation 0} 
ERGS Antenna. 

An Investigation of the Use of ERGS L 
Antennas for Vehicle Detection 
Counting. 

Noise and RF Interference Survey. 

An Experimental Route Guidance Sys’ 
Software Design—Volume I. 

Volume II. 

Study of Effect of New Vehicle Weight I 
on Structures. 

Expanded Shale Used as an Admixture 
Sand-Gravel Aggregate Concrete. 
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A list of articles in past issues of PusLic Roaps and title sheets 
for volumes 24-35 are available upon request from the Federal 
Highway Administration, U.S. Department of Transportation, 
“Washington, D.C. 20591. 

- The following publications are sold by the Superintendent of 
Documents, Government Printing Office, Washington, D.C. 20402. 
Orders should be sent direct to the Superintendent of Documents. 
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Accidents on Main Rural Highways—Related to Speed, Driver, 
» and Vehicle (1964). 35 cents. 
Ageregate Gradation for Highways: Simplification, Standardiza- 
tion, and Uniform Application, and A New Graphical Evalua- 
tion Chart (1962). 25 cents. 
‘America’s Lifelines—Federal Aid for Highways (1969). 35 cents. 
Analysis and Modeling of Relationships between Accidents and 
. the Geometric and Traffic Characteristics of the Interstate 
_ System (1969). $1.00. 
‘A Book About Space (1968). 75 cents. 
Bridge Inspector’s Training Manual (1970). $2.50. 
Calibrating & Testing a Gravity Model for Any Size Urban Area 
(1968). $1.00. 
‘Capacity Analysis Techniques for Design of Signalized Intersec- 
_ tions (Reprint of August and October 1967 issues of PUBLIC 
ROADS, a Journal of Highway Research). 45 cents. 
‘Construction Safety Requirements, Federal Highway Projects 
(1967). 50 cents. 
| Corrugated Metal Pipe (1970). 35 cents. 
/Creating, Organizing, & Reporting Highway Needs Studies 
(Highway Planning Technical Report No. 1) (19638). 15 cents. 
‘Patal and Injury Accident Rates on Federal-Aid and Other High- 
way Systems, 1968. 45 cents. 
-Federal-Aid Highway Map (42x65 inches) (1970). $1.50. 
‘Federal Laws, Regulations, and Other Material Relating to High- 
ways (1970). $2.50. 
‘Pederal Role in Highway Safety, House Document No. 93, 86th 
Cong., 1st sess. (1959). 60 cents. 
The Freeway in the City (1968). $3.00. 
Freeways ‘to Urban Development, A new concept for joint 
development (1966). 15 cents. 
Guidelines for Trip Generation Analysis (1967). 65 cents. 
“Handbook on Highway Safety Design and Operating Practices 
(1968). 40 cents. 
Supplement No. 1 (Noy. 1968). 35 cents. 
Supplement No. 2 (Noy. 1969). 40 cents. 
Highway Beautification Program. Senate Document No. 6, 90th 
Cong., 1st sess. (1967). 25 cents. 
Highway Condemnation Law and Litigation in the United States 
(1968) : 
Vol. 1—A Survey and Critique. 70 cents. 

Vol. 2—State by State Statistical Summary of Reported High- 
way Condemnation Cases from 1946 through 1961. $1.75. 
Highway Cost Allocation Study: Supplementary Report, House 

Document No. 124, 89th Cong., Ist sess. (1965). $1.00. 
Highway Finance 1921-62 (a statistical review by the Office 
of Planning, Highway Statistics Division) (1964). 15 cents. 

Highway Planning Map Manual (1963). $1.00. 
dighway Research and Development Studies Using Federal-Aid 
Research and Planning Funds (1969). $1.50. 
dighway Statistics (published annually since 1945) : 
1966, $1.25; 1967, $1.75; 1968, $1.75; 1969, $1.75. 
(Other years out of print.) 
dighway Statistics, Summary to 1965 (1967). $1.25. 
dighway Transportation (November 1970) 65 cents, (Spring 
| 1971), 60 cents. 
dighway Transportation Criteria in Zoning Law and Police 
- Power and Planning Controls for Arterial Streets (1969). 35 
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No. 10—Capacity Charts for the Hydraulic Design of High- 
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No. 11—Use of Riprap for Bank Protection (1967). 40 cents. 
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(Request from Federal Highway Administration). 

Interstate System Accident Research Study—1 (1970). $1.00. 

The 1965 Interstate System Cost Estimate, House Document No. 
42, 89th Cong., 1st sess. (1965). 20 cents. 

Interstate System Route and Log Finder List (1971). 25 cents. 

Joint Development and Multiple Use (1970). $1.50. 

Labor Compliance Manual for Direct Federal and Federal-Aid 
Construction, 3d ed. (1970). $3.75. 

Landslide Investigations (1961). 30 cents. 

Manual for Highway Severance Damage Studies (1961). $1.00. 

Manual of Instructions for Construction of Roads and Bridges 
on Federal Highway Projects (1970). $3.25. 

Manual on Uniform Traffic Control Devices for Streets and High- 

ways (1961). $2.00. 
Part V only of above—Traffic Controls for Highway Construc- 
tion and Maintenance Operations (1962). 25 cents. 

Maximum Desirable Dimensions and Weights of Vehicles Oper- 
ated on the Federal-Aid Systems, House Document No. 354, 
88th Cong. 2d sess. (1964). 45 cents. 

Maximum Safe Speed for Motor Vehicles (1969). $1.00. 

Modal Split—Documentation of Nine Methods for Hstimating 
Transit Usage (1966). 70 cents. 

Motor Carrier Safety Regulations (1968). 45 cents. 

National Driver Register. A State Driver Records Exchange 
Service (1967). 25 cents. 

National Highway Needs Report, H. Comm. Print 90-22 90th 
Cong. 2d sess. (1968). 25 cents. Supplement 10 cents. 

The National System of Interstate and Defense Highways (1970). 
15 cents. 

Overtaking and Passing on Two-Lane Rural Highways 
ture Review (1967). 20 cents. 

Presplitting. A Controlled Blasting Technique for Rock Cuts 
(1966). 30 cents. 

Proposed Program for Scenic Roads & Parkways (prepared for 
the President’s Council on Recreation and Natural Beauty), 
1966. $2.75. 

Quality Assurance in Highway Construction. (Reprinted from 
PUBLIC ROADS, A JOURNAL OF HIGHWAY RESEARCH, vol. 35, 
Nos. 6-11, 1969). 50 cents. 

Reinforced Concrete Bridge Members—Ultimate Design (1969). 
45 cents. 

Reinforced Concrete Pipe Culverts—Criteria for Structural De- 
sign and Installation (1963). 30 cents. 

The Road to Your Success (1970). 70 cents. 

Road-User and Personal Property Taxes on Selected Motor 
Vohicles (1970). G5 cents __ 
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Publications of the Federal Highway Administration—Continued 


Role of Economic Studies in Urban Transportation Planning 
(1965). 65 cents. 

The Role of Third Structure Taxes in the Highway User Tax 
Family (1968). $2.25. 

Second Annual Highway Beauty Awards Competition (1969). 
50 cents. 

Specifications for Aerial Surveys and Mapping by Photogram- 
metrical Methods for Highways (1968). $1.25. 

Standard Alphabets for Highway Signs (1966). 30 cents. 

Standard Land Use Coding Manual (1965). 50 cents. 

Standard Plans for Highway Bridges: 
Vol. I—Concrete Superstructures (1968). $1.25. 
Vol. I1—Structural Steel Superstructures (1968). $1.00. 
Vol. 11I—Timber Bridges (1969). 75 cents. 
Vol. [Y—Typical Continuous Bridges (1969). $1.50. 


Vol. V—Typical Pedestrian Bridges (1962). $1.75. 

Standard Specifications for Construction of Roads and Bridges 
on Federal Highway Projects (1969). $3.50. 

Standard Traftic Control Signs Chart (as defined in the Manual 
on Uniform Traffic Control Devices for Streets and Highways). 
22 x 34, 20 cents—100 for $15.00. 11 x 17, 10 cents—100 for 
$5.00. 

Study of Airspace Utilization (1968). 75 cents. 

Traffic Safety Services, Directory of National Organizations 
(1963). 15 cents. 

Transition Curves for Highways (1940). $2.50. 

Transportation Planning Data for Urbanized Areas (1970). $9.25 

Ultrasonic Testing Inspection for Butt Welds in Highway anc 
Railway Bridges (1968). 40 cents. 








OOL9USL3b 


4 d 
done A dale 
$f a Oe 


ed 
AP at 
Cea forts 


oa eat) 
Sew ets to) 


Seer ln eS 


hy 
72 


ee 
furs 3 


Sv Mob osdtor 
Sk he Matt de 


%. 


oe 


PA ante wae 


Anas pis Or jae ice ey 


Pe at ot Dm A Aa auigh Pe 


ee et yet g any t orW Be 
es hoa vag 15, 
4 ee ¢ 
tte 
Sf FR I BAO ee RW year 
Bee cere Up wang b ht ae: hey 
“pro ope tee Madina PP PAE RL of 
ohare “fi : r 
ot ot obi Rohr be A, 


eee 
rea Pere errr 


OPES deathbed ddhadah tate apa 


Ate ated pdb dofaged be tons 


POPS ABI EFALY. 
“ ? Oe dhe Le a ead daa es “a 
> rev 9 AA He PETES haw es rae 
ie 


Sesh 

ee 

tetes eo : / 

ESOP HTL oD 
oY 


Ne EPMA A ok” oF, 


5 Seb 
Perit 2 
Le ae & irr eA Sos $ Por ee 
PASTS LS TEAS A Net ae SE Ree Ra 
MAAS A ee eee ed we 
Le eee Rh ee ee 
TEE TSAO RS Hare SF Re ie eal at 
CEES ONE OL SOMES Serv EOS OL OEE ERP OC yO He 


On Ee eae ee 
reo? 


tosh be fase 
Sot an ca A ane A ES LI 


ip ar Sc6ee 
Os A ea 
RE Soe ar Poa aS 
eres wees 
ey Ty Veer bari y 
Matsa fog ree tty tiie 


ring a 6 


Pea i Fier 5 6 





ra 


Se rete 


3 SOR Fed eC er BS 
Spite creme asiotine otis sta 
Nae pes 
enacsiae, 
seh 
BORO GE SAE BEE 


z Ee 
Ae btu es A 


Para res 
oe See ee 


i 

LA) 

Fe ah oe ghee 
3-6 rw ee 


bee peer Le acae het eee 
Pantha eten det atk oer os So aceery peated ne Ge 
Pe ee aR a AN ee 
2 PCE A RES Pie ete tit 
Hor Ay es eect sh fie ah aes ¥ 
ae. 

Bg a =e) aot 

Tae sh eae 

PES Oh A en 


Saad tea aon torte) 
EPL Pie : 
Mit otas ae 
re sean. esa 
SP BA RE Fa gas ae Pm aie gee : a Sa 3 8. ee 
oe Esa ee Sw arama foe yt ; = ay, nes = 
‘ : Bare NL Ua pS 
np rsiabieg a % ie p Ua eee acc ee 
Pe te “* Or oe elie ok : ‘ m . =, ea ert Ste Se : 
Lia dieteael aot Se puoi ee z oe yeas © yo GEes wk pee Bei scene 
Sw lea eS BG 2 IA BI a Sa % : 4 é ; : eee 
amt Hel inh ef pager Me - : sae 
" Peet deh Meg bo Me DDE ot aa ss 
s BOS BE de PH ee 


ee 4 panne! ate Fg 
Lice vee regs patie tics 
Pin EA eg AMR Se ay 
CRA p RRA sea oe en 
Po peme or at AEN EH BA i nip oS EN 
Cid Mate Me BA Beate rat fees a pe ee" fate 


nt 





PR Sey story FI SG SE onitey sharon 


Ae ade 
Dr i om 
sees oracle ttae meer, 
Aadet tated SPIE oars a : Seamer 
eae Dian fie ame ea RE RI coor a a 
+ : iri: 3 3 Pose: Fa eee} oy eee ti 9 bo toligde ek Wee 
pt BER ig é Se ata eat ed cane ABA eas UCR Ot pl aI oD Matin lh zo cnet) : 
} poteray ne 44 : ; a Sara Pp bas Wubi creep ieutings Gone eee hens RRS Neck hh es Ler ep 
~s a aah ery re ate es tae Piers & : 7 - 
rts pateras ny ea Sach fata ay ead NAINA eae ea As 
a Web ity Succ a aaa ea ea baat gare ES PPC es ee 
4 ewe é 2 arcs ae Ea ew ee) SESE AN See 
PPM Met Reta Aor a Hee Ramtec a aye Gude meng erature ae ote eee 
RP ROR TARA AE NASR ER RR ATCC eee ee - 
fade POA ite Ped As Med Mae Mah ete pe te eee ee ee 





ao Oa" ne 2 wae 





SoS EL aS: 


SP Sees al ea: 


Fk St Ae 
Sse 


Ce eS 





ASAT AS 
eh eer a 
oe ee! 





LAM pe et te ee er Pee 
WASe RA Ta 5 Son tae ie I Mea pip dp 2h Pein 





Care eA 


Poe 

ORE Wwe ee 

a Minera ose 
ae 








ah 


ss 
Sots ae eee ik 
yaaa 
Sun) S 
“eSara 3 eae 
asa 








